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Electromechanical Distributor for Sorting Mail 
By S. SCHEUER, 
On Staff of Prime Minister of Belgium; Antwerp, Belgium 


C. B. NEYT, and L. J. G. NIJS 


Bell Telephone Manufacturing Company; Antwerp, Belgium 


ANUAL SORTING of mail in a post 
office is a time-consuming and ex- 
pensive process. Although no machine 

has yet been developed that can read the address 
inscribed on a letter and then route it to its 
destination, many benefits can be obtained by 
mechanizing the present sorting operation. A 
machine was developed in which the only human 
interpretation necessary is the reading of the 
address on each piece of mail and the operating of 
a keyboard to route the letter to the proper 
destination case. An endless chain of 626 boxes 
pass successively by each of 300 destination cases 
and place each piece of mail in its appropriate 
case. With four operators, mail can be sorted at 
the rate of 280 letters per minute and be dis- 
tributed among the 300 cases. By logical ex- 
tension, the principles will permit the assembly 
of a machine to distribute mail or similar matter 
at any rate and to any required number of 
destination cases. 


The watchword of the postal service has al- 
ways been, and remains, speed: every possible 


effort must be made to avoid unnecessary loss of 
time between the moment of dispatch of a letter 
and its safe delivery. Transportation has con- 
tinually become faster but sorting mail as to 
destination is still a slow manual process that 
subjects workers to its particular vocational 
health hazards of communicable diseases, im- 
paired blood circulation, and foot troubles. 
From the earliest times, sorting has been 
done manually and is still carried out in that 
manner almost everywhere. But, while the speed 
of the carriers transporting the mail continues to 
increase along with the volume of mail, the sort- 
ing process has failed to keep step and is now 
consuming a disproportionate amount of the 
time between dispatch and delivery of a letter. 
Realizing that the probable solution of the 
problem lay in the direction of mechanizing the 
sorting process as far as possible, the officers of 
the Belgian Postal Administration requested 
that the engineers of Bell Telephone Manufactur- 
ing Company make a survey of the problem. The 
Administration required that the machine have 
a capacity of 300 sorting cases with a speed per 


Figure 1—Artist’s drawing of the 4-position sorting machine as it would appear installed in a cabinet. 
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Figure 2 


operator of 70 documents per minute, so that 
with four operators a maximum of 280 letters 
could be handled per minute. 

The machine that was built as a result of the 
foregoing is of the electromechanical type, 
operating on principles inspired by automatic 


telephone practice. 


1. General Description 


A general view of the sorting machine is shown 
in Figure 1. The sorting mechanism is built on a 
large frame containing the endless-belt carrier; 
the 300 sorting cases that receive the mail are at 
the rear of the frame. The four operating desks 
extend at right angles from the frame. The in- 
coming mail is stacked on edge on the inclined 
loading ramp at the right of the operator. Each 
letter is brought in front of the operator where it 
pauses for an instant while he punches on a key- 
set a 3-number code corresponding to the destina- 
tion case to which the letter is to be directed. The 
letter then resumes its motion into the machine 


and drops into one of an endless chain of boxes. 
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View of an operating position. Frame of the machine with the chain of transport boxes is in the background. 


When the transport box containing this letter is 
at the proper destination case, the code causes 
the box to open and the letter is dropped into 


the case. 


2. Operating Positions 


There are four operating positions associated 
with the machine, and all are similar to the one 
shown in Figure 2. As has been said previously, 
the operator sits comfortably in front of the desk 
with the main frame of the machine on his left 
and the loading ramp, on which the incoming 
mail is placed, on his right. 

A close-up view given in Figure 3 discloses the 
mechanism of the desk. The letters are at the 
extreme right of the photograph on an inclined 
ramp. Underneath the stack of letters is a series 
of chain drives that, by an intermittent motion, 
advance the stack toward an arm on which a 
suction device is mounted. This suction device 


is brought against the topmost letter in the stack, 
is then withdrawn 


which it grasps. The arm 


through the hole in the perforated plate and the 
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single letter thus removed from the stack is 
released and allowed to fall a short distance into 
a groove running the length of the desk in front 
of the operator. 

In Figure 3, a small hook is visible against the 
lower right corner of the letter that has been 
pushed out into the reading position. A series of 
these hooks run in a slot along the front of the 
desk directly above the groove. They are spaced 
along their driving chain at a distance that will 
accommodate the longest piece of mail that is 
regularly processed on the machine, and they 
advance the letters along the groove, stopping 
each letter in front of the operator just long 
enough to allow him to read the address and 
depress the keys on his keyset in accordance with 
an established destination number or letter code. 

The electric impulses obtained from the keyset 
shown in Figure 4 are recorded by memory de- 
vices similar to those used in automatic tele- 


Figure 3—The mechanism at an operating position. A 
pneumatic suction arm places each letter on a moving 
chain that brings them one-by-one in front of the operator. 
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Figure 4—Operator’s coding keyset. 


phone exchanges. From the moment that the 


code is recorded, although the letter still has a 
long way to travel, its path is fixed and it will 
end its journey in the indicated destination case 
at the back of the machine. 

After pausing in front of the operator, the 
hook pushes the letter to the left and into the 
body of the machine. Here the letter passes 
through a marking device that will print the 
operator’s number on the envelope, or make 
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TRANSPORT 


BOXES 


any other desired marking. A transfer device is 
next used to remove the letter from the groove 
on the desk and place it in one of the transport 
boxes that will carry the letter to the appropri- 
ate destination case. 


3. Transfer Device 


The mechanism of the transfer device is shown 


in Figure 5. The letter from the groove on the 


desk is pushed onto one of the blades of a 
horizontal turnstile. With the arrival of one of 
the troughs of the transport device under the 
turnstile, it revolves and the letter falls into the 
trough. There are several of these troughs on a 
short endless belt that moves at the same lineal 
rate as the long endless belt carrying the trans- 
port boxes. Each trough has a movable side that 
falls out to the same angle as the sloped reading 
panel. After the turnstile lets the letter fall into 
the trough, this movable side takes an upright 
position to enclose the letter within the trough. 


Figure 5—The troughs on the transfer device and some 
other parts of the machine are shown below. 


The gearing of the chain drives in the machine 
is such that the loaded trough, beginning its 
right-to-left journey on the underside of the 
endless chain, will be exactly over one of the 
transport boxes and will follow it along for a 
distance of several feet before raising and going 
back to the turnstile for another letter. A shutter 
on the bottom of the transfer trough is opened 
when the trough comes in contact with the top 
of one of the transport boxes and the letter falls 
into the lower box. This shutter is reclosed and 
the movable side drops into its sloped position 
again before the troughs return to the turnstile. 

One of these transfer devices is used at each of 
the four operating positions, and the endless 
chain of transport boxes pass successively under 
each of the several transfer devices. The trans- 
port boxes are all empty as they approach the 
first operating where the transfer 
troughs load each fourth box. The rest of the 


position, 


transfer devices are successively shifted by one 
transport box so that there is always an empty 
box for each transfer trough at all four positions. 
Thus, the first position will have available to it 


transport boxes 1, 5,9, 13 . . . while the second 
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position will use boxes 2, 6, 10,14 . . .; the third, 
B..4) 94, 4S)... and the: fourth: 4S, 12, 
ae 


4. Transport Chain 


The 626 boxes of the transport chain are closed 
at top and bottom by movable shutters. The 
top shutters of the boxes are opened just before 
they come under the transfer devices and are 
closed after they pass the last one. The top 
shutters are necessary since the boxes are turned 
upside down several times in the course of their 
journey past the 300 destination cases. This 
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Figure 6—Direction of travel of the chain. The four 
operating positions are shown as broken squares. 


transport chain consists of an endless series of 
boxes spaced 6 inches apart on a link-type cable 
that draws them along; the boxes themselves roll 
along metal bars on rubber rollers for silent 
operation. 

The serpentine journey of the chain is illus- 
trated in Figure 6; the 300 destination cases are 
disposed on 5 tiers of 60 cases each. The transport 
boxes successively pass in front of each destina- 
tion case and then return to the starting point at 
the first operating position. 

At the moment that a transport box containing 
a letter directed to a certain destination case 
passes in front of that case, the code that the 
operator punched on his keyset causes a small 
tripping device associated with the desired case 
to open the bottom shutter of the box and the 
letter falls onto a metallic mesh belt. For con- 
venience, one of these belts serves for four cases 
(Figure 5) being sectioned by metallic panels to 
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assure that the letter reaches the proper case as 
the belt carries it toward the rear of the machine. 
An end view of the machine in Figure 7 shows 
the chutes used to direct the letter from the 
partitioned belts to the destination cases. The 
cases, shown in Figure 8, are designed so that 
when one is full an alarm sounds to summon an 
attendant. They are at a convenient height from 
the floor so that the attendant will not have to 
use a ladder or stoop over to remove the mail. 
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Figure 7—End view showing the rear of the machine. 
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5. Switching Devices 


The electromechanical brain of the machine 
determines when the tripper associated with a 
particular destination case is to be operated to 


I igure 8 Destination cases to which the mail is distrib- 


uted. They may be unloaded while sorting is in progress. 


open the box then passing and drop the letter on 


the belt for delivery to the destination case. 
Rotary-type switches and relays perform this 
function. They are mounted on bays that need 


not be adjacent to the machine itself, but can be 


placed elsewhere and connected by cables. Racks 


of such equipment are shown in Figure 9. 

As stated previously, each letter pauses in 
front of the operator, who reads the address and 
punches a 3-number code. The letter then con- 
tinues its journey. The operator, of course, must 
for each address by 


the code 


memory, but this presents no great difficulty for 


know proper 


present-day postal operations commonly use 
such a system. Since the entire machine operates 
in a step-by-step synchronized method at a 
constant speed, the switching system need only 
compute how long it will take the letter in front 
of the operator to reach the proper destination 
case. Since the destination cases are placed 9 
inches apart, a convenient method of computing 
time is to use 9-inch steps. 

The block diagram of the switching system is 
given in that the 


operator has just arrived at his seat and throws 


Figure 10. Let us assume 


the switch that energizes the circuits associated 
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with his desk. There are 6 registers (Figure 11) 
associated with each desk, and one of these will 
immediately be connected to the keyset. Sup- 
pose, then, that a letter stops in front of him and 
he punches the number of destination case 256 on 
the keyset. The register then computes that the 
letter is at this moment, say, Y, 9-inch steps 
away from case 256. But it also knows that it 
will take the letter Z steps to pass through the 
transfer device and be deposited in a transport 
box. These figures are then summed in the 
register and it is known that in exactly X 9-inch 
steps the tripper should be operated as the 
transport box containing our letter will be in 


front of destination case 256. 


Figure 9—Some of the bays of ccntrol apparatus. 
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A block diagram of the switch- 
ing arrangement is given above. S=con- 


Figure 10 


nector switch, R=register, F= finder. 


The register will then connect itself through 
a finder switch to one of the 200 counting cir- 
cuits (Figure 12), and will give it the following 
instructions: ‘‘Connect yourself with destination 
case 256 and operate its tripper circuit when you 
have counted exactly X 9-inch steps from now.” 
The register will then disconnect itself from the 
counting circuit and will be free to take another 


Figure 11—Calculating part of one of the 24 registers. 


code from the operator’s keyset. This entire 
operation takes but 5 seconds. 

The letter enclosed in its box continues on its 
way and the counting circuit marks step-by-step 
the progress of the transport box toward the 
destination case. It should be noted that these 
two operations, the progress of the box and the 
marking of its position are performed inde- 
pendently of one another, and the only link is the 
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synchronization between the mechanical motion 
of the chain and the counting of the 9-inch steps. 

When the counting circuit has counted out the 
required X steps, the circuit finishes its task by 
sending an impulse to energize the tripper of 
destination case 256. At this precise moment, the 
transport box containing the letter will arrive in 
front of the case and the letter will be discharged 


Figure 12—One of the 200 counting circuits. 


through the shutter in the bottom of the box. 
Finally, the counting circuit disconnects itself 
from the tripper circuit and the tripper resumes 
its rest position before the arrival of the next 
transport box on the chain. 


6. Conclusions 


The use of this distributing machine has in- 


creased the speed of sorting mail strikingly in 


ELECTRICAL COMMUNICATION 





contrast with the time-worn methods that are 
prevalent throughout the world. With this 
machine, it is possible for an operator to classify 
4200 letters per hour for 300 destinations. 
Manual methods permit the handling of only 
1200 to 1600 letters for only 60 destinations in 
the same time, requiring several successive sort- 
ings before the mail is broken down into the 
required number of final destinations. It may be 
concluded that use of the machine increases the 
effectiveness of each operator by 4 or 5 times. 

Another advantage of the machine is its great 
flexibility—machines can be assembled to suit 
local conditions and any number of operating 
positions can be incorporated. With the machine 
described here, it is obvious that in periods of 
light load, it can be manned with only one or two 
operators. The speed of the machine is adjustable 
and can be set to conform with the dexterity of 
the operators in reading the addresses and punch- 
ing the keyset. 

It may seem to the reader that the use of 626 
transporting boxes in the chain is excessive; it 
would have been less expensive to use fewer 
boxes and run the chain at a faster speed. How- 
ever, this would cause an increase in noise and 
wear on the moving parts. The machine has been 
constructed of the lightest possible materials to 
permit installation in a building without rein- 
forcement of the floor, but great attention has 
been paid to making it as sturdy as possible. 
Some idea of the wear and tear that the machine 
undergoes may be gained from the fact that in 
the post office where it is installed 45 million 
letters are sorted on the machine in a year. 

Instead of having to walk around to reach the 
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various destination cases as is necessary in the 
manual method, the operators are seated com- 
fortably in chairs. Their work consists only in 
reading the addresses of the envelopes passed in 
front of them and manipulating their keysets, 
which are comparable to an adding machine or 
typewriter. It should be noted that the letter is 
within the visual angle of the operator for about 
2 seconds before the code number must be 
punched, an interval of time that is fully suffi- 
cient to allow for easy reading. Furthermore, if 
the operator makes an error in punching his code, 
or if he should find an illegible address on the 
letter in front of him, he has 3 seconds available 
in which to remove the letter from the reading 
desk and place it in a special pile or direct it to 
an ‘“‘improper-address”’ destination case. This in 
no way disrupts the continuity of the sorting 
pre cess. 

One of the most important advantages of the 
machine is that the operator need not touch the 
letters with his hands, and thus has all 10 fingers 
available for use on the keyset. From a health 
standpoint, this means that he is not subjected 
to the danger of communicable diseases inherent 
in the handling of each letter. Similarly, he is 
relieved of the occupational hazards of poor 
blood circulation in one arm caused by carrying 
a load of mail in a fixed position while distribut- 
ing it and of the foot troubles that result from 
constant standing and walking. Instead, he is 
seated comfortably at a desk and need only press 
a key to send each letter to its destination case. 
He has, in effect, been supplied with an exceed- 
ingly long arm to do his job with speed, accuracy, 
and comfort. 
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HENEVER radio communication over very long 
V V distances must be established, as for point-to-point 

commercial telegraph service and for international 
high-frequency broadcasting, the generation of large amounts 
of radio-frequency power poses a major problem. A significant 
complication is that such services require the use of frequencies 
between approximately 3 and 30 megacycles per second. At 
the higher-frequency end of this band, transmitting tubes of 
the conventional types become so inefficient as to be unusable. 

To meet the demand for high-power high-frequency trans- 
mitting tubes, Federal Telephone and Radio Corporation of 
Clifton, New Jersey, has developed and is now manufacturing 
the type F-5978 triode. As may be seen in the accompanying 
cutaway view of this tube, simplicity of construction has been 
stressed along with sturdiness. A multistrand thoriated-tungsten 
filament is used, each of its 6 hairpin strands being mounted 
separately to prevent any stresses from warping the filament 
assembly when it heats up. The filament and grid connections 
are made to the pins on the glass base of the tube. 

The F-5978 triode is suitable for use as a radio-frequency 
amplifier, oscillator, and class-B modulator. Maximum ratings 
apply up to frequencies of 22 megacycles. The plate dis- 
sipation of this water-cooled tube is 70 kilowatts, and two tubes 
in push-pull class-C telegraph service will give an output of 
400 kilowatts. As a class-C plate-modulated amplifier, two 
tubes will deliver in excess of 200 kilowatts. The manufacturing 
processes shown on the following pages characterize the pro- 
duction of most external-anode transmitting tubes. 
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1. In the illustration on the op- 
posite page, the first operation in 
the fabrication of an anode is 
being performed. A thick disk 
of oxygen-free high-conductivity 
copper about a foot in diameter is 
centered over the die on a 250-ton 
drawing press. The ram of the 
press descends, forcing the copper 
through the die to produce a 
cupped shape. Successive draw- 
ings reduce the diameter of the 
cup and the thickness of the walls 
until the final form is obtained. 
Several stages of draw are shown 
at the right. Below, a lathe oper- 
ator is machining the open end 
of the anode in preparation for 
the brazing operation shown next. 





2. The copper mounting ring and a skirt are brazed and placed in the furnace, where radiant heating 
to the machined end of the anode. A sturdy vacuum- _ raises the temperature until the brazing alloy 
tight seal must be obtained. The parts are assembled melts. Inert gas prevents oxidation of the parts. 





3. The next step is to fuse a 
glass blank to the end of the 
skirt. This blank will later be 
fused to the base assembly. 


As the first step, flames are 
played on the metal skirt for a 
few seconds to form a layer of 
oxide to which the glass will ad- 
here. Next, a large glass tube is 
brought over the skirt and heated 
until it fuses to the outside of the 
skirt. This tube is cut off leaving 
about a half-inch of free glass 
that is bent inside the skirt and 
fused there; this step is being 
performed at the right. To form a 
perfect seal, glass must be fused 
to both the inside and outside of 
the skirt. 


The final step is illustrated be- 
low, where the end of the large 
glass tube has been squared off 
and high-temperature oxygen- 
hydrogen flames are used to fuse 
the glass tube to the glass-beaded 
skirt. When the final shape has 
been obtained, the anode will be 
placed in an annealing oven where 
it will be slowly brought down to 
room temperature. 





es 








4. Extreme cleanliness is abso- 
lutely necessary throughout the 
manufacture of any transmitting 
tube that employs high operating 
voltages. If any dirt is left in the 
finished tube, even fingerprints, 
sparking is liable to occur or gas 
may be liberated and the tube 

useless. In the illustration at the 
left, the finished anode, with the 
glass attached, is being washed 
with distilled water after being 
cleaned with hot acid. In addition 
to chemicals, sand-blasting is often 
used to remove scale and oxides 
from va parts. The anode will 
next be dried and the filament 
and grid assemblies sealed in it. 


Below are illustrated the vari- 
ous parts that make up the base 
ssembly of the tube. The large 
h-shaped piece was pressed out 
of molten glass. The shorter ter- 
minal-pin assembly (bottom cen- 
ter) is one of three that will support 
the filament, and three of the 
longer ones will hold the grid. The 
parts that constitute one of these 
supports have been laid out to show 
the terminal cup (which will be 
glassed before fusing to the dish), 
and the various copper parts that 
are brazed to the terminal cup with 
the two brazing-alloy rings. 
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6. Inthe picture below, all the parts that are joined to the glass dish 
have been placed in their proper positions on a rotating jig. The jig 
holds the parts in exact alignment while the glass of the dish and 
that on the terminal cups are brought to a soft plastic state. The 6 


small pipes on each side of the jig are oxygen-gas blowpipes; in addi- 
tion, the operator is using a Mecker burner and a hand blowtorch 
to apply localized heat to various parts. Thick glass parts such as these 
must be heated and cooled very slowly or cracking is certain to occur. 











7. Onthe opposite page, an operator prepares 
to punch one of the supporting parts for the 
filament assembly from a smoking white-hot 
bar of molybdenum. This metal is extremely 
hard, having physical properties somewhat like 
tungsten, and can be punched only after being 
heated in a gas-fired furnace visable behind 
the woman’s outstretched arm. Some of the 
finished pieces are on the table of the press. 


8. At the top of this page, an operator has 
completed assembly of the base and the sup- 
ports for the filament and is installing the 
thoriated-tungsten hairpin filaments. He 
wears gloves to avoid contaminating the parts 
Small clips of sheet molybdenum hold the 
tungsten against the heavier molybdenum 
support rods; when these clips are melted with 
an electric-are torch (right), a firm bond is 
obtained.*{Inert gas is bled into the arc- 
welding chamber to prevent oxidation. 





9. When the filament assembly 
is completed, it must be car- 
burized. Thoriated tungsten re- 
quires this step to stabilize the 
rate at which the thorium con- 
tained in the tungsten is diffused 
toward the surface of the metal. 
Acetylene gas is bled into the 
glass vacuum chamber contain- 
ing the filament, which is heated 
to a white heat by passing current 
through it. Changes in the electri- 
cal resistance of the filament indi- 
cate when the process is complete. 


10. The g£ is fabricated on 
the mandrel shown at the right. 
Molybdenum is used throughout 
the structure. Six relatively heavy 
supporting rods lie in slots along 
the mandrel, which is turned by 
hand. The thinner grid wires are 
fastened to each rod in turn by 
a spot-welding machine operated 
by a foot-pedal. Small spacers 
not visible here assure proper 
spacing of the turns of grid wire. 





11. Before the grid may be 
mounted on the base assembly as 
at the left, it must be cleaned of 
all foreign matter. The operati 

is shown below. 


The grid has been placed in one 
of the 4 bell jars in the machine. 
This is evacuated of all air, and 
high-frequency current is then 
applied to a coil that fits around 
the bell jar. By induction this 
causes currents to flow in the 
grid, which rapidly becomes white 
hot. All dirt is literally burned off 
the grid, and at the same time, 
any gas trapped in the metal of 
the grid is driven out and carried 
off through the vacuum pump. 


Briefly, the effect of any spots 
of dirt on the grid is that these 
spots tend to become much hotter 
than the rest of the grid, and may 
actually become hot enough to 
emit electrons. Naturally, this 
alters the electrical characteris- 
t of the tube, lowers the effi- 
ciency, and may actually become 
serious enough to destroy the 
tube by melting the grid. 





pee 





3 . . . . 
12. Inthe large glass lathe above, the headstock and aligned with the anode in the headstock. When the 
tailstock rotate at exactly the same speeds. The tail- preheating is finished, the operator will perform the 
stock holds the base assembly and this is carefully final seal of the two parts by using greater heat. 





13. The safety doors of the exhaust station have 
been temporarily opened to show the tube in position. 
With a progressive series of steps, power dissipation 


in the elements of the tube is increased to drive all 
gases in the metals out before sealing off the exhaust 


tube. Gas flames on the anode ass 


st the heating. 
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14. In the photograph above of a test set, the type 
5918 tube has been placed in a water jacket, and a com- 
plete series of tests is being made of the various elec- 
trical characterist of the tube. The tube is connected 
in a self-excited-oscillator circuit, the almost-200-kilo- 
watt output being dissipated in a dummy water load. 


15. On the opposite page is a view of a corner of the 
shipping department. The clerk is checking the tag 
that accompanies each tube through the testing de- 
partment to be sure that all requirements have been 
met. After checking the packaging of the tube, it will 
be shipped to the customer. The tube is tied into the 
frame of the shipping container by a series of chains 
with springs at the ends. These insure that the tube will 
not strike the sides of the cont er if it should be 
dropped from any position. In shipping, a cardboard 
carton is slipped over the wooden framework shown in 


the picture 


16. At the right, Mr. Floyd Lantzer, chief transmit- 
ter engineer of station WLW, Cincinnati, Ohio, pre- 
pares to place a F-5918 tube in one of the 200-kilowatt 
shortwave broadcasting transmitters at the station. 
Station WLW is an affiliate of the Crosley Broadcasting 
Corporation, and transmits some of the Department 
of State “Voice of America” programs to Europe. 
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Linear Electron Accelerator to One Million Volts 


By A. T. STARR, G. KING, and L. LEWIN 


Standard Telecommunication Laboratories, Limited; London, England 


ARIOUS SYSTEMS of accel- 
erators are discussed, and the problems 


and _ fre- 


linear 
of tolerance in dimensions 
quency investigated. 

An accelerator employing an Ey guide with 
irises has been constructed: the measured values 
of phase velocity agree with theory to within the 
observational error, which is about 1 per cent. 
With half a megawatt of power at 10 centimetres 
wavelength, a velocity corresponding to about 
1-2 electron megavolts is achieved in a metre of 
guide: the injection velocity corresponds to 50 
kilovolts. An X-ray output of 3 
minute at 1 metre is obtained with a peak beam 
current of 60 milliamperes, but a 6-fold increase 
is available with the gun as constituted. The 


roentgen per 


initial section is designed to collect only a small 
fraction of the 
maximum acceleration in the length, and the 
order of collected current is 10 per cent. 

A number of measuring instruments, for use 


beam in order to achieve a 


with the accelerator, are described briefly. 

The design of a 10-electron-megavolt accel- 
erator to give 300 roentgens per minute is 
that 
erator can be made on the basis of the present 


discussed. It is deduced such an accel- 
one, its length being about 3 metres and the 


input power 2 megawatts. 


I. Possible Types of Linear Accelerator 


It was felt in 1945 that the use of the high 
peak powers available with centimetre mag- 
netrons could result in the design of a linear 
accelerator for electrons to produce a beam 
voltage of the order of several megavolts per 
metre of accelerator. Theoretical investigations 
have been carried out to ascertain the main 
properties of various accelerating systems.'~"” 

The following analysis was made to determine 
the most promising system. The possibilities 


considered are:— 


1 Numbered references appear in Section 6 on page 194. 
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A. Eo guide with irises (corrugated waveguide). 
B. Eo guide with dielectric. 

C. Zig-zag rectangular guide. 

D. Coaxial line with resonant sleeves. 


E. Resonators. 


1.1 Hy GuIDE WITH [RISES 


The simplest type is shown in Figure 1. A 
tube has at regular intervals circular plates 
with central holes. A wave travels through 
the central region with a phase velocity deter- 
mined by the various dimensions and the free- 
space wavelength. 





Figure 1—Simplest type of Ey waveguide with irises. 


The wave has a longitudinal component of 
electric force, a radial electric force, and an azi- 
muthal magnetic force: when the electron and 
the phase of the wave have a velocity near that of 
light, the total radial force due to the electric and 
magnetic forces vanishes over the entire central 
region (not only at points on the axis). The 
longitudinal force does not vanish, but is con- 
stant over the central region. 

For a given velocity of the electron and wave, 
the diameters of the iris holes and the guide can 
be varied, both increasing or decreasing together. 
The smaller the holes and guide, the greater is 
the acceleration for a given input power of wave, 
but the more critical are the dimensions for a 
given phase error per metre length of guide. 
Table 1 gives the tightest tolerance (which is 
for the guide diameter) for a variation of 1 per 
cent in the phase velocity. The free-space wave- 
length is 10 centimetres, the guide being designed 
for a phase velocity equal to that of light. 
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It is worth considering the choice of a lower 
frequency. If we were to assume that we need 
the same accuracy of phase velocity and that 
dimensional tolerances are to be proportional 
to the dimensions (i.e., fixed percentages), it 
can be shown that for a given acceleration per 
metre the power must be proportional to the 
square of the wavelength. But it is clear that if 
we still keep one adjustment per metre, the 
tolerance in the phase velocity is widened in 
proportion to the wavelength. Moreover, at 30 
centimetres for example, it is easier to work to 
a tolerance of 0-015 inch in a 10-inch pipe than 
to 0-0044 inch in a 3-inch pipe. It would appear 
advantageous to use a longer wavelength. 


1.2 Ho GUIDE WITH DIELECTRIC 


This method suffers from two defects. It was 
felt that surface charges would upset the action, 
and the radio-frequency losses would be greater 
than in the guide with irises. Otherwise the action 
and tolerances are as for the £» guide. The recent 
proposal by Shersby-Harvie suggests that this 
type is worth reconsidering. 


1.3 Z1G-ZAG RECTANGULAR WAVEGUIDE 


The magnetic force deflects the particles from 
a linear path, so that the path is more difficult 
to control. It is considered that this method is 
not worth pursuing. 


TABLE 1 
10 CENTIMETRE Eo WAVEGUIDE WITH [RISES 
ee ee 
3-22 | 3-14 
Tolerance in Tube Diam- | | 


eter in Inches 140-0024 /+0-0014 


Diameter of Iris in Inches 


Tube Diameter in Inches | 3-37 


1-530 


1-270 


Frequency Tolerance in | 
Megacycles per Second |+5:- 
Attenuation per Metre in 
Decibels 0- 


142-6 





Acceleration per Metre in 
Megavolts for 1 Mega- 
watt Input 1-2 

Acceleration per Metre in 
Megavolts for 2 Mega- | 
watts Input | 
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1.4 CoaxItAL LINE WITH RESONANT SLEEVES 


Figure 2 shows one simple case; here the 
sleeves form a radial line between flat annular 
surfaces, and the dimensions are chosen so that 
the sleeves have zero impedance at the coaxial 


Figure 2—Coaxial waveguide with resonant sleeves. 


Figure 3—Coaxial line with sleeve labyrinth. 


inner conductor. If this is done, the main wave 
travels with the velocity of light and _ high- 
voltage particles then travel continuously on a 
crest of voltage between the ends of the sleeves. 
It can be shown that such an arrangement will 


oi 
produce 3 


megavolt per metre with an input 
power of 1 megawatt. 

Figure 3 shows a coaxial line with sleeve 
labyrinth; the latter steps up the voltage to give 
2-2 megavolts per metre with an input power 
of 1 
tolerance of importance is that of the diameter 


megawatt at 10 centimetres. The only 
of the holes forming the end of the high-voltage 
sleeve. It is found that a tolerance of +0-0005 
inch is needed if the parts are to be assembled 
without test, but it should be possible with this 
type of construction to adjust a few of the sleeves 
for the correct overall velocity after test. The 
loss is of the order of 1-0 decibel per metre. 

tolerance is however 


The frequency very 
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3000 mega- 
com- 


stringent, being 1-0 megacycle at 


cycles. The construction is somewhat 


plicated. 


1.5 RESONATORS 


1.5.1 Single Resonator 

Che simple type of resonator shown in Figure 
4 will give 0-86 megavolt at 10 
with an input power of 1 megawatt. 
loaded Q is 6000. 


It is pr »ssible 


centimetres 
The un- 


by altering the shape of the 
the gap smaller the 
obtain a higher voltage, 


(making and 


wider) to 


resonator 
resonator 
possibly by a factor of 2 


1.5.2 Cascade Resonators 

For a given total power in the resonators, the 

total voltage is multiplied by the square root of 
the number of resona- 
tors. 


Using 600 resona- 


_ \ 


torsin a 6-metre 


MAGNET RON 
length, 


2 


with 1 mega- 


watt input power 
(0-2 megawatt being 
dissipated in a load), 
the output voltage is 
about 20 


and the 


megavolts, 
a eee re 
PISTON frequency 
within 3 


3000 


must stay 
megacycle in 


ATTENUATOR megacycles. 


Figure 5 


PUMPING 
CHAMBER 


HOLDING COIL 


Figure 4—Single resonator. 


Design of a Linear Accelerator 


After careful consideration, it was considered 
that the Ey guide with irises formed the most 
suitable type for initial experiments. A wave- 
length of 10 centimetres was chosen because of 
the availability of the Naval Type 277 modulator 
and transmitter, which produces about 0-5 
megawatt peak power at that wavelength. Also, 


it was known that magnetrons giving 2 mega- 


COLLECTING BUCKET 


Diagram of linear accelerator 


TRANSFORMER 


im 


LL TTT TTT TTD 


SPECTROME TER 


LiL Li bh bh bddebhilubbdhdhdhdd dl abiritarIaI ILL d dada dd ide 


' me PISTON 2 
TRANSFORMER 
Tl 


HOLDING COIL 


PUMPING 
CHAMBER 


eee ees 


HIGH-POWER LOAD 


ELECTRICAL COMMUNICATION «+ 


September 1951 





SPECTROMETER 


LOAD 


fa 
Ww 
= 
°o 
a 
1 
x 
2 
x 


MAGNE TRON 


PISTON | 


September 1951 


COLLECTING 
BUCKET 


AND | BACKING 


2 OIL PUMPS 
PUMP 


PUMPING - 
CHAMBER - TO 


DETECTORS 
oh 
fl K 


DIRECTIONAL 
COUPLER 


ELECTRICAL 


TRANSFORMER 


HOLDING COIL 


HOLLOW 


AND 
BACKING PUMP 


PUMPING CHAMBER 
TO 4 OIL PUMPS 


MICA SEAL 


COMMUNICATION 


Equipment arrangement 


Figure 6 


TRANSFORMER 


Tl 


PISTON 2 


watts at this wavelength were 
being developed in Great 
Britain. 

Figures 5 and 6 show the 
arrangement used. The mag- 
netron CV76 feeds a wave- 
guide having internal dimen- 
sions of 33 by 1} inches 
via a probe. Piston 1 and the 
tuning piston together allow 
a reasonable range of fre- 
quency pulling of the magne- 
tron with stable action and 
full output power. The micro- 
wave power, which is variable 
up to a maximum peak of 
650 kilowatts, occurs in 2- 
microsecond pulses at a repe- 
tition rate of 500 cycles per 
second. This power is fed into 
the iris-loaded Ey waveguide 
via a special transformer 
T1, in which there is a hol- 
low earthed probe. The mi- 
crowave power passes along 
the Ey waveguide, and finally 
via a transformer 72 into a 
high-power load. 

An electron gun is situated 
inside the hollow probe and 
produces a beam of electrons 
at a voltage between 45 and 
55 kilovolts: the driving volt- 
age for the gun is bled from 
the modulator supplying the 
magnetron pulse. 

The accelerated electrons 
strike a target X7, which is 
insulated from earth for 
measurement, or they pass 
into the spectrometer tube 
and, after deflection, are col- 
lected and measured in the 
collecting bucket B. 

There are pumping cham- 
bers at the input and output 
of the » guide: the first has 
four Metrovac 03 oil pumps 
and a backing pump, and the 
latter near the load has two oil 


pumps and a backing pump. 


TERRA AT 0 Na sic 


Res 


a 





‘ . - ‘ 
There is a holding coil over the waveguide to 
reduce dispersion of the electron beam as much 


as possible. 


2.1 DESIGN AND CONSTRUCTION OF THE GUIDE 


If we consider an electron velocity nearly 
equal to that of light, the relevant equations 
the wavelength, and 


phase velocity are 


d Ee At | 1) 


connecting dimensions, 


+ | 2-405—0-982 => 5 
O% 5] 2-405 —0-982 59 (ba) — ba Yo(ba) 

sh 1 -964a? ba 2) 
) = —_——_ = ——-—~, =, { 
oe dh [2Y¥i(ka)—kaYo(ka) 


E,=2 px, 


a 


where 
= free-space wavelength 
2m/X 
light velocity / phase velocity 
= iris radius 
tube radius 
E, = axial field strength in volts per centimetre 
P = input power in watts. 


If we choose a stress of 1 megavolt per metre 
for a power of 0-5 megawatt and a wavelength 
of 10 centimetres, we find that a=2-23 centi- 
metres: then the first equation gives )=4-14 
centimetres, i.e., a diameter of 3-26 inches and 
66=0-0028 inch for da=0-01. 
slightly larger diameter of 3-32+0-0005 inches 
was chosen: the much tighter tolerance was 


In practice, a 


adopted for use in ‘the initial accelerating section 
where the iris diameters are much smaller. 


2.2 ACCELERATING SECTION 


It is convenient to inject the electrons into the 
guide at 50 kilovolts: it is then necessary to 
design a guide in which the velocity varies along 
the axis in a way suitable to accelerate electrons 
starting with a velocity of 0-415 times that of 
light. 

The inner diameter of the guide was kept 
fixed at 3-32 inches and the iris diameters were 
varied from 1-170 to 1-614 inches over a distance 
of 97-5 centimetres: at the end of this distance 
the velocity of the electron should be 0-953 
times the velocity of light, corresponding to 
1-17 electron megavolts. The tolerance is 
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_ 1-96 ada 


0b= "a? [Yoka)—2V ike) bap |) 


For a=1-17 inches, ka=0-93, the denominator 
is found from Figure 7 as 3-4; to keep the phase 
error per metre constant, we take ada=0-01, 
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Figure 7—Plot of [yn —- 


~ against Y, 
Xx 


and then 6b =0-0006 inch and thus the tolerance 
in the diameter is 0-0012 inch. A tolerance of 
+0-0005 inch was taken. 

In practice, the irises are 0-344 inch apart, 
with 0-002-inch tolerances. The guide is con- 
structed of rings and annular plates, the whole 
assembly being soldered together: it has been 
found that a vacuum-tight assembly can be 
made, and no vacuum envelope is 
necessary. This arrangement is convenient as it 
has a small diameter and the holding coils are 
therefore not bulky. 

Measurements were made on a section with 
velocity equal to that of light, and the experi- 
mental results agreed with the theory to within 


special 


the experimental errors of 1 per cent. 
Measurements of attenuation have not been 
made. 


2.2 MICROWAVE INPUT CIRCUITS 


The directional coupler in Figure 6 and the 
crystal detectors D1 and D2 measure the power 
incident to the input transformer of the £o 
guide and the reflected power, respectively; 
they therefore give simultaneous readings of the 
peak power entering the accelerator and the 
standing-wave ratio of the system. 
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A probe in the transmitter box picks up a small 
radio-frequency power, which is supplied to a 
spectrum analyser that indicates the precise 
frequency relative to that of a continuous-wave 
oscillator. This arrangement serves to monitor 
the spectrum of the output of the magnetron. 
The magnetron output probe is in air, and the 
vacuum seal is a mica plate placed after the 
directional coupler. The rest of the system, up to 
and including the load, is vacuum tight. 

The Eo-H, transformer is a modification of 
normal practice: the irises are tapered over a 
length of 3 inches, and the cylindrical probe of 
the gun (which is at earth potential) protrudes 
into the tapered irises. By suitable adjustment, 
a voltage standing-wave ratio of 0-8 can be 
achieved over a 6-megacycle band: at a spot 
frequency, a value greater than 0-95 can be 
achieved. 


2.3 Output Circuit AND LoAD 


The output transformer 72 is like the input 
transformer TJ: the only difference is that the 
probe insertion is very small. 


VARIAC 


50-CYCLE 
SUPPLY 


increased, by adjustment of the input variac, 
to give 50 kilovolts to the magnetron, which 
then gave an output up to 650 kilowatts peak 
power. 


2.5 GUN 

Figure 8 shows the gun and the trifilar winding 
used as a choke feed for the heater current and 
the control electrode. In early experiments, the 
cathode was oxide coated and had a moderate 
life. It was capable of sending a beam of 400 
milliamperes peak through the guide in the 
absence of a radio-frequency field. 


2.6 PUMPING 


The guide was exhausted via non-radiating 
slots by six Metrovac diffusion pumps, type 03. 

The pumps each remove 20 litres per second 
at a pressure of 10~* to 10-° millimetre. When 
the radio-frequency power is first switched on, 
gas is produced and acceleration stops for 30 
seconds or more depending on whether or not 
the system has been let down to air recently: 
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Figure 8—Electron gun and power supply circuit. 


The load is an American design made to 
drawings kindly supplied by Telecommunication 
Research Establishment. 

A later development” is a method due to 
Shersby-Harvie and Mullet in which the radio- 
frequency power at the output of the accelerator 
guide is fed back to the input. 


2.4 MODULATOR AND TRANSMITTER 


The modulator and transmitter is the Naval 
Type 277 slightly modified: the output was 
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acceleration restarts when the pressure drops to 
1 to 3X10~‘ millimetre. 

Starting from atmospheric pressure, the back- 
ing pumps alone reduce the pressure to that for 
the oil diffusion pumps to operate in 10 minutes: 
the pressure drops to 10-5 millimetre in one hour, 
and to 10~* in several hours. 


2.7 HoL_pInG CoILs 


Provision is made for a holding field of 120 
gauss. 
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Magnetic The electron path is 


subjected to the magnetic 


Figure 9 spectrometer 


held over a 90-degree ar¢ 


2.8 MEASURING APPARATUS 


A General Electric Company geiger counter 


type GM2, mounted in a lead housing about 1} 


inches thick, was used to measure the X-ray 


intensity: rough estimates of voltage were 


obtained by lead plates 0-5, 1, and 1-5 centi- 


metres thick over the aperture. The output was 


fed toa 4-decade counter and, under the condi- 


Figure 10—Spectrometer tube and electron gut 
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tions of use, 1 microroentgen per second gives 
280 counts per minute. 

For the purposes of preliminary tuning, a 
5-litre aluminium cylinder was used as an 
ionisation chamber, and the voltage was meas- 
ured by a triode electrometer. 

Figure 9 shows a magnetic spectrometer for 
measuring the velocity of the electrons: it is 
capable of measuring velocities up to that 
corresponding to 20 electron megavolts. 

Figure 10 shows the spectrometer tube and 


electron The main layout is shown in 


gun, 
Figure 11. 


3. Experimental Results 

Figure 12 shows the output (peak) current in 
the function of electron 
voltage for a radio-frequency input of 0-6 mega- 


spectrometer as a 


watt; the electron voltage is not certain to 
within 20 per cent as the magnetic spectrometer 
designed for this low It was 
that the 


megavolts based on 


was not range. 
is effectively 1-2 


the 


estimated output 


electron methods of 


measuring the hardness of normal X-ray tubes. 
The output current at the end of the spectrom- 


eter tube was 0-25 microampere mean (i.e., 
250-microamperes peak), and it is not known 
precisely what current this corresponds to at the 
end of the accelerator tube: it is estimated that 
the mean current is 6 microamperes on the basis 
of the X-ray output, which was 0-5 roentgen 
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Figure 11—The main layout of the accelerator. 


per minute at 1 metre. In this experiment, a beam 
current of 60 milliamperes was used, whereas 
a maximum of 400 milliamperes was available. 

With this output of 0-5 roentgen per minute 
at 1 metre, i.e., 3 roentgens per minute at 40 
centimetres, a 10-millimetre copper filter reduced 
the output to 1-8 roentgens per minute and the 
half-value thickness of copper was 12 milli- 
metres. We are informed that the million- 
volt tube at St. Bartholomew’s Hospital, having 
a permanent filter of 4-2 millimetres of steel and 
2 millimetres of lead, has a half-value copper 
thickness of 9-3 millimetres. Part or all of this 
difference is due to the fact that the hospital 


target is a reflection target, and the present is a 


transmission type. 

It is interesting to compare the results of the 
accelerator with that described briefly in refer- 
ence 3 of the bibliography. The Telecommunica- 
tion Research Establishment early accelerator 





RTE 


used 1 megawatt and 0-5 metre of waveguide, 
and gave a peak of 0-54 electron megavolt, 
and more than 70 per cent of the gun current 
(emerging into the guide) is accelerated. 


— 
H AT HALF CURRENT: | 
100 ELECTRON KILOVOLTS| = 


SPECTROMETER CURRENT IN MICROAMPERES 


600 800 1000 1200 
ELECTRON KILOVOLTS 


Figure 12—In the graph above, peak output current in 
the spectrometer is plotted against electron voltage for a 


radio-frequency input of 0-6 megawatt. 


September 1951 * ELECTRICAL COMMUNICATION 





The present accelerator using 0-6 megawatt, 
1 metre of guide, gives a peak voltage of about 
1-0 electron megavolt with a collection efficiency 
of about 10 per cent. This difference in collection 
efficiency is due to the fact that the present 
design was for collection over a small phase 
angle near the peak, at 0-5-megawatt input, so 
as to produce a maximum acceleration in the 
length. It is felt that adequate current at high 
voltages is obtainable with the lower collection 
efficiency, but it may be worth while to increase 
the figure from 10 to 30 per cent by redesign. 


4. Possible Future Developments 


With the use of a 2-megawatt magnetron, it 
appears from Table 1 that an acceleration of 


about 3 megavolts per metre is attainable with 
the mechanical standards already achieved. 

To produce an accelerator of 10 electron 
megavolts and 300 roentgens per minute at 
1 metre (unfiltered), it is possible to design for 
a guide length of 3 metres or so. If we assume 
an attenuation twice the theoretical value, viz., 
1 decibel per metre, and an accelerator 3 metres 
long, the decrease in output voltage due to the 
loss is 15 cent. This diminution can be 
allowed for in the design by choosing: slightly 


per 


smaller iris diameters. 
The beam current required is given roughly by 


roentgens per minute at 1 metre 
=2-1.10-® (kilovolts)?*6 


by Kaye and Binks in the British Journal of 
Radiology for 1940. It is valid between 0-5 and 
2 electron megavolts. There appears to be some 
evidence that the exponent 2-6 is somewhat high 
for voltages above 5 electron megavolts, but 
pending accurate information no great error is 
anticipated by using this value. Taking values 
of 300 roentgens per minute at 1 metre and 
10 kilovolts, we find that 


5-6 microamperes is needed. It appears that 


a beam current of 


the current obtained in the present model need 
not be increased much, if at all, for the desired 


output. 
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Crystal Triodes* 


By T. R. SCOTT 


Standard Telecommunication Laboratories, Limited; London, England 


HE PAPER reviews first the various 
forms of crystal triode so far developed 
and comments on their characteristics. 
A brief résumé is then given of the various 
materials proposed and of the types of control 
that have been applied to modify the charac- 
teristics of triodes made therefrom. A discussion 
of testing procedure follows. 
In view of the scarcity of information to date 
on applications and circuit design a section on 
this aspect is included. 


List of Principal Symbols 


I, = collector bias current in milliamperes 
I, = emitter bias current in milliamperes 
i, = instantaneous collector current in milli- 
amperes 
instantaneous emitter current in  milli- 
amperes 
= collector bias voltage in volts 
emitter bias voltage in volts 
instantaneous collector voltage in volts 
v. = instantaneous emitter voltage in volts 
R, = collector load resistance in ohms 
a = current gain. 


1. Introduction 


The crystal triode or transistor was formally 
introduced to the technical public by the Bell 
Telephone Laboratories on 30th June, 1948. 
Private demonstrations were made in this coun- 
try from July, 1948, onwards, and at the 33rd 
Physical Society Exhibition in April, 1949, two 
exhibitors displayed the device. Since June, 1948, 
much has been written about this component, 
and there have been many discussions in many 


*Reprinted from Proceedings of the Institution of 
Electrical Engineers, Part III, v. 98, pp. 169-177; May, 
1951. Presented before the Radio Section of the Institution 
of Electrical Engineers in London on 6 December, 1950. 

This is an “integrating” paper. Members are invited to 
submit papers in this category, giving the full perspective 
of the developments leading to the present practice in a 
particular part of one of the branches of electrical science. 


places. So far, however, no formal technical paper 
has appeared in this country on the subject. Even 
at this date it is perhaps too early to present a 
reasoned appreciation of the place of this com- 
ponent in the electrical field. In the few months of 
its public life, opinion has swayed to and fro on 
the controversial subject of its relationship to 
the thermionic valve. Will the valve become 
obsolete in face of this strong competition? Or 
will the crystal triode remain a scientific curiosity 
while the valve continues to perform as an in- 
dustrial component? 

A somewhat lengthy commercial appreciation 
of the component has recently appeared in the 
United States.' In the author’s opinion, however, 
it is now clear that the crystal triode and its 
derivatives will have definite applications and 
that probably the correct view in the controversy 
mentioned above is that the crystal triode is an 
excellent auxiliary to the thermionic valve, per- 
forming functions that the valve might achieve 
with difficulty, or uneconomically, but not com- 
peting with the valve in applications that the 
valve fulfils easily and economically. Further, 
there are distinct signs that combinations of 
valve and crystal triode will appear, so that it 
will in some cases be difficult to make distinc- 
tions. The object of the paper is to expose suffi- 
cient evidence regarding the performance of com- 
ponents of this type to justify the above view. 

One remark must be made here regarding 
nomenclature. In deference to British practice 
the component is herein called the crystal triode 
in preference to the American name transistor. 
It is already obvious that “‘triode”’ will not meet 
the situation. In this paper electrode arrange- 
ments will be described that are not triodes. 
Other multi-electrode types are known to be 
under development. It is too early to say whether 
the name “‘transistor’’ is sufficiently broad in 
meaning to meet the eventual scope of this class 
of components. Arguments on nomenclature are 
not included in the paper. 


1 Numbered references appear in Section 7 on p. 208. 
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Further, no attempt is made in the paper to 
deal with the underlying physical theory, al- 
though much of the technical literature issued to 
date has done so. A complete treatise on the 


physics of the component is known to be in 
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Figure 1—Cross-section of type-A crystal triode. 
preparation. In the author's opinion the im- 
mediate development programme in this field 
should be devoted to chemical and engineering 
investigations into the phenomena exposed by 
direct experimental work. Thereafter, when 
sufficient experimental data are amassed, the 
physicist may be able to offer a complete the- 
oretical explanation of the phenomena. 

Since some of the physical concepts involved 
may be novel to engineers, attention is drawn to 
the excellent editorial note? in the Bell System 
Technical Journal for July, 1949, which deals 
simply but adequately with these concepts. It, 
perhaps for obvious reasons, deals insufficiently 
with the all-important p-m junction which is 
covered by Shockley*® in one of the five papers 
introduced by the above editorial note. 

Intensive work during the war on diodes, i.e. 
point-contact rectifiers (see, for example, Torrey 
and Whitmer'*), utilizing silicon or germanium, 
interest in 
these semi-conducting metals and led to work 
that finally brought about the development of 
the crystal triode. There are, however, quite 


undoubtedly stimulated post-war 
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marked distinctions between the present form of 
triode and the diode and the former is not readily 
derived from the latter. The more the crystal 
triode is developed into a useful component, the 
greater appears to be the difference in form and 
in processing. 

In a brief review such as is given in the paper 
it is also impossible to deal adequately with the 
metallurgy and physics relating to germanium. 
Much has been published elsewhere on this sub- 
ject. Reference might be made to a descriptive 
paper by Dunlap.*® 

While, as has been mentioned above, there has 
been a very large number of papers and lectures 
devoted to this component in the course of its 
short life, not all of them have been published in 
full. The references in the bibliography have been 
made as wide as possible but are obviously not 
comprehensive. 


2. Electrode Arrangements and Character- 
istics 


2.1 ORIGINAL FORM 


The crystal triode as first demonstrated to the 
public on 30th June, 1948, and as first formally 
described by Bardeen and Brattain® in the July 
of that year is illustrated in Figures 1 and 2. It 
comprised in effect a high back-voltage rectifier 
(diode) utilizing (or excess semi-con- 
ductor) germanium as the crystal but having an 
additional point-contact electrode (cat’s whisker) 


n-type 


inserted in the assembly very close to the normal 
point electrode. The circuit was as shown in 
Figure 2, the two point-contacts being called the 
emitter and the collector respectively and being 
biased in the original models with direct-current 
potentials of + 0-5 to 1-0 volt and —70 volts 
respectively. 

The emitter impedance is comparatively low, 
of the order of 300 ohms while the collector 
impedance is high, of the order of 10000 and 
50 000 ohms. If the emitter current is varied by a 
signal voltage, there will be a corresponding 
variation in collector current. 

In the 1949 Kelvin Lecture, Professor Mott’ 
has explained the physical concept of ‘‘positive 
holes” in the theory of conduction in a non- 
metal. References? * have been given above to 
other technical articles on this subject. Bardeen 
and Brattain* have also given their theory in con- 
siderable detail. It is, therefore, only necessary 
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here to state that Bardeen and Brattain claimed 
that the flow of holes from the emitter into the 
collector altered the normal current flow from 
the base to the collector in such a way that the 
change in collector current may be larger than 
the change in emitter current. The collector while 
operated in the reverse direction, being a recti- 
fier, has a high impedance and may be matched 
to a high-impedance load. 

A large ratio of output to input voltage of the 
same order as the ratio of the reverse to the for- 
ward impedance of the point is obtained. There 
is a corresponding power/amplification of the 
input signal. 

This type of crystal triode was comparatively 
easy to assemble in the laboratory. Practically 
any germanium crystal suitable for a high-back- 
voltage diode could be used, and with some care 
and ingenuity the application of the two point- 
contact electrodes close together (Bardeen and 
Brattain 0-005 to 0-025-centimetre 
spacing) could be achieved. 

Using a 20-kilohm load at 5 kilocycles per 
second, insertion gains of the order of 25 to 35 
decibels could be obtained. Since there is normi- 
ally about 10-decibel mismatch in the circuit, the 
actual power gains were of the order of 15 to 25. 

Bardeen and Brattain claimed that crystal 
triodes could be operated as amplifiers up to 


specified 


10 megacycles per second. Very few crystals, 
however, gave such performance. Figure 3 il- 
frequency characteristic. 


lustrates a_ typical 


EMITTER COLLECTOR 


Figure 2—Schematic of type-A crystal-triode circuit. 


More recently the Bell Telephone Laboratories 
have modified their claims and quoted 4 mega- 
cycles per second as the effective top value of 
n-type germanium. This is, however, not the 
effective top value of all germanium crystals 
under all conditions and this point will be dis- 
cussed in greater detail below. 
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Figure 3*—Frequency characteristics of a group of type-A 


crystal triodes. 


Typical characteristics of six n-type german- 
ium crystal triodes of this original type are given 
in Table 1. 


TABLE 1 


Collector Collector 

Load Voltage 

Resistance in Volts 
R, in Ohms 


Insertion 
Gain in 
Decibels 


Collector 
Current J¢ in 
Milliamperes 


Emitter 
Current J. in 
Milliamperes 


29-1 
28-3 
29-0 
24-4 
21-4 
20-6 


20 000 
20 000 
20 000 
20 000 
20 000 
20 000 


1-07 
1-38 
0-58 
0-37 
0-80 
0-85 


mm Ww 
Daw 


we uuu 
Nm um ohw 


Tests were taken at 5 kilocycles per second; owing to 
impedance mismatch in operating the triode between a 
520-ohm generator and a 20000-ohm load, the gain 
includes about 10 decibels from this cause. 


While this original crystal triode was of pro- 
found interest it had many obvious defects. It did 


not provide, at least regularly and uniformly, any 


appreciable current amplification; it was noisy; 
its frequency range was restricted; its power out- 
put (of the order of 25 milliwatts) was small. 
Work, 


laboratories in order to overcome these defects. 


hand in many 


therefore, was put in 


2.2 DouBLE-SURFACE CRYSTALS 


One defect not mentioned above is that of 


applying two point-contact electrodes close 


together as a commercial manufacturing process. 
Some ingenuity has been displayed in overcom- 
ing this manufacturing difficulty and one solu- 
tion has already been announced by Little® 


of the Bell Telephone Laboratories. As will be 


* This graph is substituted for the original Figure 3, 
which was erroneously retained in the original publication 
although the text concerning it had been deleted from the 
paper. 
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seen later, there is some hope that eventually 
point-contact electrodes will be unnecessary. 
However, it was natural that development would 
trend right away to the simplification of this 
problem. One such development has been that of 


s 


C 


Figure 4—Diagrammatic representation of wedge-type 


crystal-triode. 


the double-surface crystal. In October, 1948, Mr. 
Kinman demonstrated in this country a type 
shown diagrammatically in Figure 4 in which the 
emitter and collector face each other at the apex 
of a ground wedge. Bell Telephone Laboratories 
refer to a corresponding development by Shive.'° 
He utilized n-type germanium, specified a maxi- 
mum thickness of germanium between emitter 
and collector of 0-01 centimetre employing a col- 
lector bias of —50 to —100 volts and quoted 
inter alia a current amplification of 1-5. However, 
their main effort has obviously been concentrated 
on the so-called coaxial type described by Kock 
and Wallace" and illustrated in Figure 5. 


Coaxial-type crystal 
Schematic of double- 


surface crystal triode. Below—Cut- 


Figure 5 


triode. Top 


away view of coaxial crystal triode. 
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The laboratories with which the author is 
associated have, in view of developments men- 
tioned in Section 2.3 below, produced a similar 
type with spacing (crystal thickness) up to 
0-075 centimetre, collector bias of under 30 volts 
and current amplification in excess of 2. The 
increased spacing obviously simplifies manufac- 
ture. 


2.3 OTHER ELECTRODE (POINT-CONTACT) 
ARRANGEMENTS 


Another natural line of research was the effect 
of using more than two point-contact electrodes. 
However, little has been published on _ this 
subject. At an Institute of Radio Engineers 
symposium held at Princeton, New Jersey, on 
21st June, 1949, Haegele” read a paper on crystal 
triodes. This dealt with a multi-electrode crystal 
used as a mixer at frequencies of the order of 
100-150 megacycles per second. The electrode 
arrangement comprised point contacts in a 
triangle spaced about 0-002 inch. In the labora- 
tories with which the author is associated, 
considerable work has been carried out by 
White and othe;s on the effect of additional 
electrodes. Some’of this work can be mentioned 
here. 

White" and his colleagues have tried out a 
variety of arrangements of electrodes with some 
interesting results. It is quite clear, however, 
that all these results are profoundly affected by 
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the materials employed, both of the electrodes 
and the semi-conductor. A great number of 
experiments providing statistical data is, there- 
fore, necessary to establish the merits or demerits 
before any of these unusual electrode systems 
can be fully evaluated. It is, however, worth 
while to record some of the interesting phe- 
nomena recorded so far, namely: 


A. Good characteristics can be obtained by using three 
point-contact electrodes, two close-spaced and the third 
spaced at least 0-025 centimetre away. Of the two close- 
spaced electrodes, one is invariably the collector, the other 
in certain cases can be utilized as the base, leaving the 
emitter comparatively widely spaced. Although the area 
contact normally used as the base is not included in the 
circuit, it is apparently necessary to have it in physical 
existence if the electrodes are to be formed. 

B. Duplication of emitters per se appears to have little 
effect, but if one of the emitters is worked normally and 
the other is made still more positive in bias the current 
gain obtained is increased by a factor of 2 or 3. 

C. Duplication of collectors gives some increased gain, 
e.g., two collectors may give y¥ 2 times the gain from one. 
D. If a gold wire is used as the emitter and an electro- 
forming process is employed, the optimum spacing from 
the collector appears to be of the order of 0-07 centimetre. 
(This is the basis of one of the double-surface types referred 
to in Section 2.2 above.) 


In general, neglecting possible manufacturing 
difficulties, there seems to be a case for increasing 
the number of point-contact electrodes in order 
to increase gain. It must again be stressed, how- 
ever, that all these results are greatly dependent 
upon the materials employed and the electro- 
forming process applied. Reference is made 
below (Section 3.2) to the electro-forming process 
and its effect on the characteristics of the 
crystal triode. It may be noted that in the 
laboratories in question the best results obtained 
from silicon so far have been by using the 
electrode arrangement mentioned in A above. 
Statistical work on electrode arrangements may 
in the end prove to be a powerful weapon in 
elucidating the theory of crystal triodes and in 
assessing the suitability of various materials. As 
stated earlier, some of these arrangements raise 
the question of the suitability of the term 
“triode.” 


2.4 CrYSTAL TRIODES WITHOUT PoINT CONTACTS 


At the Princeton symposium of the Institute 
at Radio Engineers referred to in Section 2.3, 
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Pearson in the course of describing work on 
single-crystal filament-type triodes mentioned 
one type in which the emitter was an m-p junc- 
tion rather than a point contact (Figure 6). The 
collector and base are metal sprayed. While such 
types may at present be purely experimental, 


P-TYPE 
GERMANIUM 
N/P JUNCTION 


N~TYPE GERMANIUM 


Filamentary transistor (Pearson 
with n-p barrier. 


Figure 6 


they at least reveal possibilities of considerable 
changes in design and structure in the future. 
They are, of course, of fundamental interest in 
experiments tending to reveal the semi-conductor 


mechanism involved in triode action. 


2.5 PHOTO-TRANSISTOR 


It would be wrong to close this section of the 
paper without reference to the Bell Telephone 
Laboratories’ development of a new  photo- 
conductivity cell which was disclosed by Shive." 


Its importance lies in the fact that it introduces 


possibilities of additional controls and effects by 


means of photo-electric effects. 


3. Materials and Control 
3.1 DIFFERENT TYPES OF SEMI-CONDUCTOR 


At the time of the first announcement of the 
discovery of the crystal-triode action, it was 
stated that feeble effects were obtainable from 
silicon. In Section 2.3 it was pointed out that 
stronger effects can be obtained from silicon by 
the three-point-contact electrode arrangement. 
Silicon is also referred to by Bardeen, Brattain, 
and Gibney.'® No other direct mention of ma- 
terials other than germanium has been published. 
It is believed, however, that slight amplification 
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has been observed from some of the oxides, e.g., 


cuprous oxide. There are, however, two signifi- 


that other semi-con- 


to produce analogous 


that 
will be 


cant tacts suggest 


ductors found 
characteristics. 

In 1925 Lilienfeld'’ patented a series of semi- 
conductor devices for controlling the flow of an 
electric current between two terminals of an 
electrically conducting solid system by establish- 
a difference of potential between certain 


He 


particularly 


ing 


elements of the system. 


claimed it was 
adaptable to the amplification 


The 


arrangements proposed are 


of oscillating currents. 


somewhat difficult to construct SAW -TOOTH- 


WAVE 
GENERATOR 


with the accuracy necessary to 
produce reasonable amplifica- 
under- 


tion, although it is 


stood that laboratory models 
have manifested some degree of 
amplification. It would appear, 
however, that given the right 
electrode conditions some sul- 
oxides could be 


phides and 


emploved as semi-conductor material for crys- 
tal amplifiers. It is noteworthy, also, that about 
this time Ohl'* took out a patent on multi-elec- 
trode (point-contact) devices for amplification 
the like by 
magnetically controlled. Obviously over 20 years 


and crystals, the currents being 


ago engineers were groping for the clues neces- 
sary to originate crystal-triode development. 

In 1949 in 
author is 


the 


observed 


the laboratories with which 
Beck!® et al. 


oxide-coated 


associated 


phenomena in connection with 
cathodes that led them to investigate crystal- 
triode action in oxides at high temperature. In 
the arrangement originally set up the cathode 
indirectly heated) formed the base, an emitter 
point-contact was provided and for a collector a 
wire loop was used. With the oxide and collector 
at 1000 degrees Kelvin results similar to those 
obtained at ordinary temperatures from  ger- 
manium crystal triodes in respect of amplifica- 
tion and oscillation were obtained. Work on 
this interesting phenomenon continues. 

We, therefore, see that apart from germanium 
there are pe ssibilities that silicon, some sulphides 
the 


author’s opinion the field is likely to become 


and some oxides may be employed. In 
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much broader even than this as development and 
research proceed. 

the interest centres 
round germanium and there is no doubt but that 


For present, however, 
a great variety of interesting devices can be built 
up from this material. 

At first it was thought that only n-type ger- 
manium could produce such effects. Later it was 
shown that p-type material could also be used. 


In point of fact n-type and p-type material are 


tice 


BSBtaaa' 


Figure 7—Electro-forming circuit. 

intermixed in both cases and the only real cri- 

terion is the polarity of the biasing potential 

applied to the collector; for n-type germanium 

it is negative, for p-type it is positive. 
However, apparently 

different characteristics from the two types. In 


there are somewhat 
the author's experience it is possible from p-type 
material to obtain an appreciable reduction in 
noise. According to Pfann,?° the p-type gives an 
increased frequency range up to 15 megacycles 
per second. According to Ryder,?! the p-type 
effective limit is 11 megacycles per second, as 
distinct from a probable top limit of 4 megacycles 
per second for n-type. There are, of course, other 
that affect both and the 
frequency Brown” that he 
could extend the frequency range to 30 mega- 


the noise 


has shown 


factors 
range. 


cycles per second by applying a magnetic field. 
In the laboratories with which the author is 
and 40 


megacycles per second have been achieved, both 


associated, frequencies between 30 
with and without the use of magnetic fields. It is 
reported elsewhere that proposals have also been 
made for control of the characteristics by elec- 
trostatic fields. Incidentally, it is apparent that 
the top limit of frequency for crystal-triode 
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action has moved up from 10 megacycles per 
second originally quoted to something of the 
order of 50 megacycles per second. 


3.2 ELECTRO-FORMING 


Reference has been made in the literature 
quoted and also in the present paper to electro- 
forming. It is not clear that in all cases the same 
thing is meant by this term. It may, therefore, 
be useful to describe one particular form of 
electro-forming developed by Matthews and 
White.*’ The triode to be treated is included in a 
circuit of the type illustrated in Figure 7. A 
generator of saw-tooth waves having a low- 
impedance output circuit capable of supplying 
currents up to 100 milliamperes has one terminal 
connected to ground and the other connected to 
the emitter. The circuit is completed by two 
resistors connecting the collector electrode to 
ground and a switch is provided by means of 
which one of the resistors can be short circuited. 
The testing device comprises a_ cathode-ray 
tube of conventional type, only the deflecting 
plates of which are shown. The horizontal 
deflection of the cathode ray is proportional to 
the voltage applied between the emitter and 
collector, and the vertical deflection is propor- 
tional to the current that passes between the two 
electrodes. Keeping the emitter positive with 


CURRENT 


VOLTS 


Figure 8—Electro-forming characteristics. 


respect to the collector and having selected the 


resistances so that normally a small current flows 
in the forming circuit, it is found that in general 
the curve traced on the oscillograph screen is the 
full-line curve shown in Figure 8. This curve 
shows the current in the circuit as ordinates 
plotted against the voltage of the generator as 


abscissae for the forward or scanning strokes of 
the saw-tooth waves. A different return curve is 
traced during the flyback strokes but this is of 
no interest and is barely visible owing to the 
rapidity of return of the spot to zero. It will be 
seen that the full curve has a loop with a portion 
having a negative slope, indicating a negative re- 
sistance condition between the electrodes. 

In order to form the crystal triode, the switch 
is momentarily closed, thus short-circuiting the 
resistor and greatly increasing the current in the 
circuit. When the switch is re-opened, it is usually 
found that the loop of the curve will have become 
reduced and in some cases will have completely 
disappeared. The curve on the screen is then as 
shown by the dotted line completed by the 
straight part of the initial curve. If the loop does 
not disappear completely the first time, by re- 
peating the process two or three times the loop 
can be entirely removed. When the loop has been 
removed from the voltage current characteristic, 
the crystal triode is in the condition in which it 
produces its maximum current gain. 

Interesting results can be obtained by using 
different samples of germanium, different surface 
treatments, different metals for electrodes 
(emitter and collector), and different degrees of 
purity in the metals. 

If the process of electro-forming is overdone, 
the loop with the negative slope may reappear in 
the voltage/current curve. By repeating the 
process the loop can be made to disappear again. 
We thus get the idea of various “electronic” 
states in the triode, the progress from state to 
state being produced by the forming current. 
In due course, when the full story of interrelation 
between materials and electro-forming is com- 
pleted, there should be a better basis for the 
development of a physical theory of triode 


action. 


3.3 CONTROL ELECTRIC FIELDS 


Bardeen, Brattain, and Gibney" have de- 
scribed arrangements in which control electrodes 
of metal or electrolyte are added to the normal 
array ol electrodes (emitter, collector, base 
These control electrodes are used to produce 
strong electric fields in the semi-conductor to 
modify the conductivity of the semi-conductor. 
It has unfortunately been impossible to study 
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this disclosure in sufficient detail to render it 
possible to include a full discussion thereof in the 
paper. There is little doubt, however, that 
devices of this nature may open up new possi- 
bilities in respect of materials employed. 


3.4 INTERIM CONCLUSIONS 


It is quite clear that at this stage with two 
varieties of germanium, with the possibilities 
from other semi-conductors, and with important 
work proceeding on the effect due to the nature of 
the electrodes and on the effect of electro-form- 
ing—without taking into account the possibilities 
of magnetic and control—it is 
much too early to attempt to define the limita- 
tions of the crystal triode. Two at least of the 
initial alleged disabilities, namely noise and 


electrostatic 


restricted frequency range, appear to be slowly 
but surely disappearing. 

f. Testing 

4.1 GENERAL 


\s mentioned in Section 2.1 above, the original 
testing of crystal triodes was on an insertion-gain 


= ~~ 
lht-e-Cie ) 


basis. However, this soon proved to be in- 
adequate. Lehovec™ has proposed a simple test 
circuit using two pentodes (see Figure 9), that 
gives direct currents and voltages at any operat- 
ing point, alternating-current 
values for zero and infinite collector load resist- 
ance, and current and voltage amplification 


corresponding 


values. 
ve = Rite + Rist. 
v= Rad, + Rieke ) 

For the calculation of the coefficients it is 
sufficient to measure v, and 7, at zero collector 
load resistance and », and 2, at infinite collector 
load resistance. The important circuit qualities of 
crystal triodes can then be expressed, according 
to Lehovec, in terms of Ry, Rio, Re, and Ro: as 
shown in Table 2. 

Lehovec also gives a convenient way to arrange 
the results of this type of test (see Table 3A). 
The first or left-hand group contains the direct 
currents and voltages that describe the operating 
point. The second group contains in the upper 
line the alternating currents and voltages at zero 
collector load resistance and in the lower line the 


- + 
| 


oS 
@ (ZLLL2. (ve) 


Figure 9—Lehovec’s test circuit. 
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TABLE 2 
IMPORTANT CIRCUIT QUALITIES OF CRYSTAL TRIODES 


(1) Short-circuit stability 


(2) Input impedance (collector load resistance is Rx) 


(3) Output impedance (external resistance in emitter circuit is Ry) 


est ie re R*, 
(4) Power amplification (output power/input power) Ruka (RitRu) —8+Ri/Rn) 


(5) Maximum current amplification (zero load) Ro/R2 


(6) Maximum voltage amplification (infinite load) Rxa/Riu 


The following values refer specifically to 6<1 and a load resistance matched for maximum available power amplification: 


(7) Load resistance matched for maximum power amplification 22(1—65)! 


i(1—6) 


R 
R 


(8) Input impedance at maximum power amplification 


° ° . R*s, 1 
9) Maximum power amplification —- TT 

(9) Maximum po am plificatio | RuRn (i+ 8)? 
; . : pee R?, 1 

(10) Insertion gain at maximum power amplification iz. jitd—s) 


i2 
j 


(11) Insertion gain (at maximum power amplification)/maximum power ampli- | Roo/4R 
fication pean 


a 7 . Ry 1 
12) Current amplification at maximum power gain = ~ 
(12) I i 8 Rs 1+(1—8)4 


, ; . ‘ Ra 1 
(13) Voltage amplification at maximum power gain —— —— 
; 8 I I 8 Ruy 1+(1—5)! 





corresponding values for infinite collector load 
resistance. The third group gives the current 
amplification at zero collector load resistance and 
the voltage amplification at infinite collector 
load resistance. The fourth group contains the 
four coefficients, which are calculated from the 


direct-current components in the second group The above equations follow immediately from 


(1) if first (¢.). and then (v,.)o are set equal to 


TABLE 3A zero. In Table 3B values for some crystal 


ARRANGEMENT OF MEASURED VALUES 


triodes are given. 
For a quick test, one is often more interested in 
k ts te 8 | (iio | Rul Ree! the maximum current amplification, and the 


| 


ie (Ue)o O (tem | (teltelo | [Rail [Ree maximum voltage amplification is obtained 


Ve 22 


—~ —_——__—_— — without further calculation from the alternating 


TABLE 3B 
Test VALUES FOR COMMERCIAL GERMANIUM CRYSTAL TRIODE 


0-5 milliamperes 2-0 milliamperes | 100 microamperes 18 millivolts 132 milliamperes 0 | . 240 ohms 182 ohms 
0-13 volts 22-5 volts 100 microamperes 42 millivolts 0 3-1 volts 31.000 ohms 23 500 ohms 
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collector current at zero collector load re- 
sistance.* 

While a considerable amount of work is going 
on in connection with the development of more 
refined methods of testing, e.g., by bridge meth- 


ods, there is no doubt that Lehovec’s proposals 


Figure 10—Base-input connection. 


are sound for normal usage in the present state 
of the art. There are, however, two additional 
measurements that should be taken to make the 
tests realistic. First, it is necessary to be very 
sure that the alternating currents and voltages 
are not distorted but are pure sine waves if the 
intrinsic values of R are desired. For this purpose 
it is advisable to put an oscilloscope across the 
valve voltmeter in Figure 9 to ensure that over- 
loading, etc., is not present. Secondly, it is con- 
venient before applying the Lehovec tests to 
determine the V., V, conditions at which maxi- 
mum insertion gain is obtained. Tests on the 
Lehovec basis can then be confined to the values 
adjacent to the optimum V’, and V, and need not 


be unnecessarily extensive. 


4.2 SpeciaL TEstTs 


Frequency runs, noise measurements, sta- 


bility, and life testing all require standardization 


of methods and, in due course, of tolerances. For 


* Bardeen and Brattain used this representation of 
transistors in a lecture given in October, 1948, in Princeton, 
New Jersey, for the local section of the American Institute 
of Electrical Engineers 
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the moment it would be undesirable to be too 
expansive about such tests. Life tests seem to 
indicate longevity and a fair measure of sta- 
bility at after an initial settling-down 
period. crystal 


least 


Some triodes are extremely 
stable, and doubtless as manufacturing tech- 
niques improve the percentage of these will 
increase. Temperature over the range —80 to 
+70 degrees centigrade appears to have little or 
no effect provided the triode is well made 
mechanically. 

Since the noise voltages depend (cf. Mont- 
gomery™) on direct-current bias and_ possibly 
more particularly on the direct-current. collector 
voltage in some cases it may be desirable to aim 
direct-current biases (there other 


at low are 


reasons for this—see Section 5) and to determine 
the characteristics at such voltages rather than 
to obtain maximum gain and use this as the 


criterion. 


Figure 11—Emitter-output connection. 


5. Applications and Circuit Design 


5.1 AMPLIFICATION 


With the art changing so rapidly, it is difficult 
to foretell the range of applications in the future. 
The frequency range has already been increased. 
Maximum output is now officially stated at 600 


milliwatts** in place of 25 milliwatts as originally 
It is believed that this value has been 


quoted. 
exceeded and a 1-watt output attained. It re- 
mains to be seen whether or not noise can be 
controlled when output and working frequency 
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are raised towards the maximum. Nevertheless, it 
is already quite clear that audio-frequency and 
carrier-frequency amplifiers can be built to give 
15 to 20 decibels gain and 25 milliwatts output. 
Such amplifiers compare in performance with 
those containing valves and have the advantage 
that they can, if properly made, be worked off 2 
to 3 volts direct-current supply. There are many 
applications where this simplification of power 
supplies is of great interest, e.g., the telephone 
subscriber’s set. 

There is a difficulty in that the input imped- 
ance is so low and the output impedance is com- 
paratively high in the conventional grounded- 
base circuit. This is opposite in sense to valve 
amplifiers and causes a revision of circuit details 
and components. For example, in an audio re- 
ceiver in a hearing aid or a telephone subscriber’s 
set a crystal receiver with high impedance fits in 
better to the triode circuit than a magnetic (low- 
impedance) receiver. 

There appears to be some evidence, not clearly 
designated in publications, that the intrinsic in- 
put and output impedances of a triode can be 
varied somewhat; if so, this difficulty may be at 
least partially removed. 

In a paper on the circuit design of triodes 
Webster, Eberhard, and Barton™ have described 
some amplifier arrangements that differ from the 
initially described type, which they call the 
“emitter-input’’ arrangement. They describe 
and analyse the circuit design of the ‘“‘base- 
input” and ‘‘emitter-output” types which are il- 
lustrated in Figures 10 and 11 respectively. 
Comparative experimental results of the three 
types given by these authors are quoted in 
Table 4. It would appear, however, that crystal 
triodes with specially selected characteristics 
are required to produce some of the results 
quoted. Some of the characteristics may be only 


interesting as examples of the versatility of the 
triode. For example the number of practical ap- 
plications for the unique characteristics of the 
base-input connection is very small indeed. 

It now appears that Bardeen and Brattain had 
foreseen a variety of circuit devices as the follow- 
ing extract from one of their patent applications”? 
shows: 

From the standpoint of its external behaviour and uses, 


the device resembles a vacuum tube triode; and while the 


electrodes are designated emitter, collector and base 


electrode, respectively, 
connected in the various ways which have become recog- 


they may be externally inter- 
nized as appropriate for triodes, such as the conventional, 
the ‘‘grounded grid,” the ‘‘grounded plate” or cathode 
follower, and the like. However, the analogies among the 
circuits is, of course, no better than the analogy between 
emitter and cathode, base electrode and grid, collector and 
anode. By feeding back a portion of the output voltage in 
proper phase to the input terminals, the device may be 
caused to oscillate at a frequency determined by its external 
circuit elements, and among other tests, power amplifica- 
tion was confirmed by a feedback connection which caused 
it to oscillate. It has been found that the performance of 
the device is expressed, to a good approximation, by the 
following functional relations: 


I.=f(Ve+Rel.) 
I-=I£(V-)+al, 
where 


I,=emitter current. 
I.=collector current. 
I (V-) =collector current with emitter disconnected 

V.=voltage of emitter electrode measured with re- 
spect to base electrode. 

V.=voltage of collector electrode measured with re- 
spect to the base electrode. 

Rr=an equivalent resistance independent of bias. 

a=a numerical factor which depends on the bias 
voltages. 

f(V.) gives the relation between emitter current and 
emitter voltage with the collector circuit open. 
The interpretation of the foregoing equation (I) is that 
the collector current lowers the potential of the surface of 
the block in the vicinity of the emitter relative to the base 


TABLE 4 


CHARACTERISTICS OF 


Input impedance 
Output impedance 

Power gain 

Voltage gain 

Current gain 

Maximum power output with tolerable distortion 
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Emitter Input 


30 000 ohms 


about 1:1 
210°? watt 


AMPLIFIER CONNECTIONS 


Base Input Emitter Output 


20 000 ohms 
500 ohms 
16 decibels 
less than 1:1 
40:1 
10-4 watt 


5 000 ohms 
10 000 ohms 
23 decibels 
20:1 
10:1 
2X10°? watt 


700 ohms 


16 decibels 
40:1 
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electrode by an RrI, and thus increases the 


effective bias voltage on the emitter by the same amount. 


amount 


The term Rr/J, thus represents positive feedback. 
It is quite obvious that some interesting ampli- 


fier circuits can be designed round crystal triodes, 
but unless power supply introduces special re- 


quirements and difficulties there does not 


appear to be any marked superiority of 
crystal triodes over vacuum tubes in respect 
of type of application. 

For radio-frequency amplifiers, since the 
noise apparently follows an inverse square- 
law with frequency, e.g. doubling the fre- 
quency reduces the noise to a quarter of its 
value, the position is simpler. 
stages of inter- 


Using two 


mediate-frequency amplifica- 
tion, we can produce 30- to 
35-decibels gain. It is thus pos- 
sible to design and produce a 
60-decibels 


tolerable 


radio set of gain 


with a noise level 
using crystal triodes instead of 
valves. Such a set built round 
three crystal triodes can be constructed to con- 
sume less than 500 milliwatts and yet produce 
sufficient volume for normal purposes. 

Since this paper was originally drafted an in- 
teresting the the 
crystal triode by Ryder and Kircher®® has been 


article on circuit design of 
published. It should, however, be emphasized 
that numerical data in such articles are very 
much dependent on the triode characteristics 
selected and that it is too early yet to be specific 
about the component's characteristics. 


5.2 PuLsE Crrcuits 


The greatest field of application for crystal 
triodes, however, appears at present to be in 
connection with circuits associated with pulse 
technique. Here the disabilities of high noise and 
low output are not important. Triodes with ap- 
preciable current gain (@ > 2) can work in two 
stable conditions (Eccles-Jordan) or in one stable 
and one unstable condition (flip-flop). From such 
circuits counting, dividing, pulse generating, and 
regenerating devices can be obtained. Many such 
circuits and devices have been worked out, con- 
structed, and tested. The circuits are in general 
much simpler than those employing hard valves, 
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and they are more sensitive. They are even pref- 
erable to circuits employing modern gas tubes 
and are more versatile. 

An example of trigger-circuit simplicity is 
shown in Figures 12A and 12B. The former is the 
normal double-triode Eccles-Jordan circuit em- 


0+ 250 VOLTS 


0-50 VOLTS 


Figure 12A—Eccles-Jordan circuit employing 


thermionic valves 


INPUT OUTPUT - 10 VOLTS 


Figure 12B—Eccles-Jordan circuit employing 
crystal triodes. 


ploying valves which is used so widely for binary 
counting, as, for example, in conjunction with 
Geiger-Miiller counters. The circuit in Figure 
12B is the crystal-triode equivalent which pro- 
vides the double stability action with much 
greater simplicity in circuit and supplies together 
with increased sensitivity and speed of operation. 
The action is dependent on positive feedback in- 
troduced by the base resistance when triodes are 
employed with a > 1. 

It is quite clear that the development of pulse 
systems on cables can be materially assisted by 
employing crystal triodes as the basis of repeaters; 
the power consumption will be small, at low volt- 
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age, and will easily be supplied by the cable 
itself. It should be noted that triodes are capable 
of producing high peak output; e.g. it is possible 
to produce peaks of the order of 1} watts al- 
though the mean output is only a few milliwatts. 

In Figure 13 a pulse repeater is shown that can 
be inserted in a line and be fed with power down 
the line. Such a circuit will give power gains of 
about 35 decibels, a peak pulse-power output of 
one to two watts, and is operated satisfactorily 
using }-micro-second pulses. It could be manu- 
factured so small that it could fit inside a normal 
line-terminating insulator. The circuit is of the 
blocking-oscillator type and provides pulse- 
shaped regeneration. 

Practical commercial applications in respect of 
computers, counters, pulse-code modulation, 
electronic switching, etc., should become com- 
mon just as soon as triodes are commercially 
available in sufficient quantity to satisfy demands. 
Life and stability appear to be satisfactory, 
making due allowance for a certain percentage of 
defective triodes in current prototype manufac- 
ture. A counting circuit containing nine triodes 
has been working consistently for four or five 
months to date. 


5.3 OSCILLATORS 


In this field the frequency restrictions appear 
to be somewhat less and development is still 
bringing in higher frequencies. Up to about 
45 megacycles per second, it is at present possible 
to produce experimental transmitters, of very 
limited output but of interesting characteristics 
for special applications in the radio field. It is 
rumoured that higher frequencies have been at- 
tained and that push-pull arrangements with 
suitable cooling devices have given more than 
250-milliwatts output. 

Here again the circuits are simplified as com- 
pared with those associated with hard valves. A 
sine-wave oscillator has been constructed which 
appears to be much more stable than its thermi- 
onic valve counterpart. 

Apparently the Jet Propulsion Laboratory”? of 
the California Institute of Technology has built 
up a very small radio transmitter round the 
triode for uses in rockets for the transmission 
of data during flight. 

Webster, Eberhard, and Barton” in the paper 
referred to above have described two oscillator 


circuits both making use of negative resistance 
effects in the base lead. One is a two-terminal 
sine-wave generator, the other a simple relaxa- 
tion oscillator which will furnish either pulse or 
saw-tooth waveform. 

Reeves®® has also dealt in some detail with 
triode circuits particularly those utilizing positive 
feedback. As illustrations of this technique, he 
developed pulse repeater circuits and binary 


pulse counting circuits of the type illustrated in 


Figures 12 and 13. 
In the field of small-output oscillators the 
crystal triode has undoubtedly a place in the 


future. 


6. Conclusions and Acknowledgments 


In view of the remarkable progress in the de- 
velopment of the crystal triode during the very 
short period of time in which such development 
has been in play, it is quite clear that an interest- 
ing and useful electronic component has arrived. 
Perhaps it is premature to talk of arrival since 
considerable metallurgical and manufacturing 
development may still be required before this 
component is commercially available at a reason- 
able and competitive price. The perforsaance of 
laboratory and prototype models described 


herein begets confidence in the future of the 


COAXIAL OR OPEN LINE 


Figure 13—Two-terminal pulse repeater employing 
a crystal triode. R,; and C,; provide decoupling. 


triode once some of the less desirable apparent 
characteristics (noise, low output, restricted 
frequency range, etc.) are brought strictly under 
control. It is reasonably clear that this will 
happen. 

As envisaged in the introduction, the crystal 


triode is not really a straight competitor to the 
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thermionic valve but rather a complement to it 
in that it, in certain cases, simplifies circuit 
design and power supply. This would appear to 
be particularly the case in connection with pulse 
technique. Perhaps at a later date the same may 
be true in connection with lower-power trans- 
mission at medium wavelengths. The position at 
ultra-high frequency is quite obscure at present. 


Chere appear to be good grounds for believing 


that we are at the threshold of a new stage in 
electronics in which the well-known devices, such 
as valves, rectifiers, etc., are supplemented by a 
range of semi-conductor devices that oscillate, 
that 


electronic engineer an opportunity of producing 


modulate, amplify, etc., and give the 
simple and fool-proof circuits for many applica- 
tions which at present are with difficulty met by 
complex circuits and temperamental components. 

The author has to acknowledge considerable 
assistance from his colleagues in the laboratories, 
in particular Mr. C. de B. White. He has also to 
Standard 


tories, Limited, for permission to present the 


thank Telecommunication Labora- 


paper and to include therein unpublished work 


carried out in their laboratories. 
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Cross-Talk Considerations in Time-Division Multiplex 


Systems * 


By SIDNEY MOSKOWITZ, LISCUM DIVEN,{ and LOUIS FEIT 


Federal Telecommunication Laboratories, Incorporated; Nutley, New Jersey 
; y, 3 


N EXPERIMENTAL study was made 
of the effects on interchannel cross talk 
of the bandwidth characteristics of the 

transmission medium in pulse-time multiplex 
systems. Pulse-amplitude modulation and pulse- 
position modulation systems are considered. The 
effects of various types of high- and low-fre- 
quency response are discussed from both experi- 
mental and theoretical points of view. 


1. Introduction 


One of the significant problems present in the 
development of pulse-multiplex communication 
systems is interchannel cross talk. An investiga- 
tion was conducted to determine the factors that 
would permit the design of a system combining 
high interchannel cross-talk ratios with maxi- 
mum economy of bandwidth. Pulse-position and 
pulse-amplitude modulation? were investigated. 

Pulse-amplitude modulation is of considerable 
importance, inasmuch as some form of it is used 
in many pulse-multiplex systems. In its simplest 
form, it is derived by sampling a signal at fixed 
time intervals. These pulse samples comprise the 
pulse-amplitude-modulated signal. If these mod- 
ulation samples are transformed to time displace- 
ment of the pulses with respect to a fixed time 
reference (such as a marker pulse), pulse-position 
modulation results. 

One common form of cross talk is caused by 
carryover of energy from one pulse to the follow- 
ing pulse. Thus, cross talk may occur from one 
channel to the following channel, decreasing 


* Reprinted from Proceedings of the I.R.E., v. 38, pp. 
1330-1336; November, 1950. Presented at the National 
Convention of the Institute of Radio Engineers on March 
7, 1949, in New York, New York. 

¢t Now with Motorola, Incorporated, Pheonix, Arizona. 

1F, F. Roberts and J. C. Simmonds, ‘Multichannel 
Communication Systems,’ Wireless Engineer, v. 22, pp. 
— November, 1945: and pp. 576-580; December, 
1945. 

2V. D. Landon, ‘Theoretical Analysis of Various 
Systems of Multiplex Transmission,” RCA Review, v. 9, 
pp. 287-351; June, 1948: and pp. 438-482; September, 
1948. 
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rapidly as the pulses are further separated in 
time. This cross talk may be expressed as the 
ratio of the signal output of a given channel 
under normal modulation to the signal output of 


3 DECIBELS! 
Down 


RELATIVE 
AMPLITUDE 


FREQUENCY 


(ToT) "o (ToT y) 


Figure 1—Effect of high-frequency response on cross 
talk in pulse-position modulation 


capacitance filter. 


using a resistance 


Cross-talk ratio= ——— : 
sinh (74/RC)\ 


exp (Tp/RC) ( rx) 


Tr 


the same channel resulting from the modulation 
of some other channel. This ratio is customarily 
expressed in decibels. 


2. Pulse-Position Modulation 


In analyzing the effect of bandwidth on pulse 
carryover, it is necessary to investigate the effect 
of the response-frequency characteristic of the 
transmission system on the shape of the pulses. 
Two types of high-frequency response will be 
considered, a slow and an extremely rapid rate of 
high-frequency cutoff. 


2.1 SLow RATE OF HIGH-FREQUENCY CUTOFF 


A slow rate of cutoff may be obtained by a 
resistance—capacitance circuit of the type shown 
in Figure 1. Such a circuit represents either the 
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standard resistance-coupled amplifier without 
peaking circuits or its band-pass analogue, the 
single-tuned circuit. 

The relative amplitude—frequency response of 
such a circuit may be expressed as 


E,y=Er, cos {tan (F/F.) ], a 


where F is the frequency considered and F, is the 
cutoff frequency, which is equal to 1/(27RC), at 
which point the relative amplitude drops 3 
decibels. Figure 1 shows the type of response 
given by this circuit. The rate of cutoff ap- 
proaches 6 decibels per octave. 

The effect of such a response on a pulse of 
voltage may be calculated by simple transient 
analysis. With a rectangular input pulse, the rise 
time 7p of the received pulse increases with in- 
creasing transmission-circuit time constant RC 
until a value of Tp equal to the width of the 
original pulse is obtained. If RC is increased 
further, 7 remains constant. 

The cross talk introduced by transmission of 
time-modulated pulses through a medium having 
the type of frequency characteristic described 
can be calculated as follows. 

Referring to Figure 1, two adjacent pulses of 


PULSE~POSITION 
MULTIPLEX 
MODULATOR 


Figure 2 


period Tp and rise time Tz are shown. The first 
pulse is time modulated by a displacement 7 y 
from its resting position 7 and therefore moves 
between To+T7y and To—T yw, producing carry- 
Over @; and eo. 


At one extreme, the carryover is 
ée:=E exp —[(Tp—Tm)/RC]. 

At the other extreme, the carryover is 
e2=E exp —[(Tp+Tm)/RC]. 


The peak-to-peak variation in amplitude of 
the pulse, because of carryover, is then 


Te-T 
—( ac") | 


exp | -(Ze4Z#)]} 


€1—€2= Elexp 
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This may be rewritten as 


€:—e2=E[Lexp —(Tp/RC) exp (1'/RC) 
— ep —*{ Tp RC) exp (Tu /RC) | 
=E exp —(Tp/RC)[exp (7'u/RC) 
— £SD —(Tu/RC) }. 
The ratio of pulse amplitude to carryover is 


then 


E 
€;— e2 


1 
~ exp— | Tp RC)[exp\ Ty RC)—exp— ( Tw RC) | 
a exp (Tp/RC) 
~ exp (Ty RC)— exp —(Tu/RC) 
_ exp (Tp/RC 
~ 2 sinh (Ty/ RC)’ 
(2x RC), 
E exp (2rF.Tp) 


€i—@: 2 sinh (24F.Tm) 


Since F,=1 


This cross talk is expressed in terms of ampli- 
tude variation. It can be shown*? that in pulse- 
position modulation there is an improvement 


PULSE-POSITION 
MULTIPLEX 
DEMODULATOR 


CATHODE- 
FOLLOWER 


Equipment used for cross-talk measurements on pulse-position modulation. 


factor of 2(7/Tr), which may be applied to 
signal-to-noise ratio or to cross talk. 
The output cross-talk ratio then becomes 


cross-talk ratio= 


exp (2x4F.Tp) (Tm (9) 
sinh aot T.)" (2) 


This formula may also be expressed in terms of 
the time constant RC. 


Cross-talk ratio= 


exp (Tp/RC) (5"). (2A) 


sinh (Ty/RC)\ Tr 
To check the results that might be expected 
from the use of (2), a series of experiments were 


3E. M. Deloraine and E. Labin, ‘‘Pulse-Time Modula- 
tion,” Electrical Communication, v. 22, pp. 91-98; 1944. 

*S. Moskowitz and D. D. Grieg, ‘“‘Noise-Suppression 
Characteristics of Pulse-Time Modulation,” Proceedings 
of the I.R.E., v. 36, pp. 446-450; April, 1948. 
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run using a commercial pulse-position-modula- 
tion multiplex system in which 


Tm =1 microsecond 
Tr =0.3 microsecond (for low values of F,) 


Tp=5 microseconds. 


The inherent cross talk in the terminals was 66 
decibels, and this was therefore the highest cross- 


2000 


1750 


1500 


CROSS TALK RATIO 


250 
F, IN KILOCYLES 


Cross-talk ratio versus bandwidth for pulse- 
High 
filter as 


Figure 3 


position modulation. frequencies have been at- 


tenuated by a shown in Figure 2, where 


Fo=1/(24RC). 


talk ratio that could be measured. A_ block 
diagram of the setup used is shown in Figure 2. 
Resistance-capacitance filters of various cutoff 
frequencies were inserted at the point indicated, 
and cross talk at a modulating frequency of 1000 
cycles was measured with a General Radio 736A 
wave analyzer. Only adjacent-channel cross talk 


was considered. 
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The results of these tests, together with the 
values derived from (2), are plotted in Figure 3. 
It will be noted that the experimental results 
agree closely with theory, except at high cutoff 
frequencies, where the inherent cross talk in the 
equipment used becomes the limiting factor. 


2.2 Raprp RATE OF HIGH-FREQUENCY CUTOFF 


The cross talk arising from sharp cutoff of the 
transmission response was also studied. Such a 
response is approached in intermediate-frequency 
amplifiers. If a rectangular pulse is passed 
through a low-pass system having uniform fre- 
quency and linear phase characteristics up to a 
certain frequency, and zero response above this 
frequency, the equation of the resulting pulse 
can be shown to be® 


e=E{Si [nr(t' +4) ]—Si [nx(t’—3) ]}, 


where 


si(x) = f [(sin u)/u |du 
0 


e=output voltage at any instant 
E=input pulse amplitude 
n=2F.W 
F.=cutoff frequency 

W =width of input pulse 
t'=Tp/W 


Tp =pulse period. 


For such a theoretical transmission system, the 
cross talk may be derived as follows. 
The carryover at one extreme of modulation is 


Se Tp—Tw , 1 
ée,=F)Si | mx iV’ +3) 


“ Tp—Tm 1) 
—Si | n= ( W -3)| 


Z 


and at the other extreme it is 


ne ( ot Tu ) | 


e. = E4 Si 


W 2/ 


a Te+Tm 1 
Si | nx W -3)| 


5 E. A. Guillemin, “Communication Networks,” 
John Wiley and Sons, Inc., New York, New York; 
p. 485. 
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The peak-to-peak carryover ratio is then 


E = Si [me( = 


1 — 2 


(3) 


The build-up time of the pulse, after trans- 
mission through this system, is 1/(2F,) so that, 
if £/(e;—e2) is denoted by y, the net cross-talk 


ratio will be 
cross-talk ratio=4yTyF.. (4) 


The characteristics of a filter or transmission 
medium as given in the above analysis cannot be 
met in practice. A fair approximation can be 
made, however, by means of a low-pass 7-section 
filter having a general characteristic as shown in 
Figure 4. This filter had a cutoff of 
approximately 20 decibels per octave. Tests on 
the same terminal equipment were made using 
such filters between modulator and demodulator. 
The results of these tests are shown in Figure 5. 
From these data, substantiated by theory, a 
high-frequency cutoff of about 500 kilocycles is 
sufficient to obtain a cross-talk ratio of about 
70 decibels. If a slow rate of cutoff is maintained 
such as that given by low-Q transmission circuits, 


rate of 


transmission lines, or resistance—capacitance 


RELATIVE AMPLITUDE 


FREQUENCY fF, 


"ame commana 


Figure 4—Effect of high-frequency response on cross 
talk in pulse-position modulation using a low-pass filter. 
network CoRC.=78,900, C=2Co, CoLF2 


=12,670, in micromicrofarads, microhenries, ohms, and 


For the 


megacycles. 
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video-frequency circuits, a half-power point at 
about 350 kilocycles would give an equally 
satisfactory cross-talk ratio. 


70 


CROSS TALK IN DECIBELS 


500 750 1000 


F, IW KILOCYLES 


Figure 5—Cross talk plotted against bandwidth for 
pulse-position modulation. High frequencies have been 
attenuated by the z filter shown in Figure 4. 


2.3 Low-FREQUENCY CUTOFF 

The effect of low-frequency cutoff has also been 
considered. If a slow rate of cutoff such as that 
given by the resistance-capacitance circuit of 
Figure 6 characterizes the transmitting medium, 
the pulse will be distorted as shown. The re- 
sponse-frequency plot of such a circuit is also 
shown in this figure and is given by 


relative amplitude=cos tan—! F,/F, (5) 


where F,=1/(2rRC). 
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The voltage e 
is the width of the pulse, is 
e= —E[1— exp —(W/RC) ] 
exp—[(T—W)/RC] 
At one extreme of modulation, the carryover 
to the next pulse is 
W/RC) ] 
exp—[(Tp—W+Tm)/RC}. 


ée:= —E[1— exp —( 


At the other extreme, the carryover is 


e2= —E[1— exp —(W/RC) ] 


exp —[( Tp—W-T») RC}. 


The peak-to-peak carryover is then 
€2—e:= —E[1— exp —(W/RC) ] 
fexp —[(Tp—W)/RC]} 
[exp (Tu/RC)— exp —(T/RC)] 
= —E[1-— exp —(W/RC) ] 
{exp —[(Tp—W)/RC]} 
[2 sinh (T/RC) ]. 
ratio of pulse amplitude to carryover is 


— exp [(Tp—W)/RC] 


~ 2[1— exp —(W/RC) ] sinh (T/RC)’ 


RELATIVE 
AMPLITUDE 


FREQUENCY §, 


Figure 6—Effect of low-frequency response on cross talk 
in pulse-position modulation using a resistance—capacitance 


filter. 


= —Tm exp [(T ‘ep —W)/RC] 


Cross-talk ratio= 
ross-talk ratio= 7p —(W/RC) [sinh (Tu/RC)] 
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at any time (7—W), where W 


Applying the pulse-position-modulation im- 
provement factor 27/T,r, the following equa- 
tion is obtained. 


Output cross-talk ratio 


A —Tw exp [( am RC] ‘i 


~ Trl 1— exp —(W ) [sinh (Ty/RC) J} 
Substituting F,=1/(2r RC), 
output cross-talk ratio 


vt Tu exp [27rF.( 
Trl 1—exp(—27F.W) 


Tp—W)] 


=~. (6A) 
J(sinh2xF,T x) 


Note that the cross talk introduced by poor 
low-frequency response is opposite in polarity to 


CROSS TALK IN DECIBELS 


10 " 


100 200 500 1000 
Ft" usetnn 


Cross talk plotted against bandwidth for 
been 


Figure 7 


pulse-position modulation. Low frequencies have 


attenuated by a resistance-capacitance filter having a 
cutoff F,=1/(2rRC). The 


cutoff is at 3 megacycles. 


frequency of high-frequency 


poor high-frequency response. 


that caused by 
Further inspection of (6A) shows that the cross- 
talk ratio may be high at two values of F,. The 
latter fact is borne out by the experimental 
results plotted in Figure 7. 

The physical explanation of 
simply that, at very low values of cutoff 
quency, the pulse is passed by the coupling net- 
work without distortion, so that no appreciable 
higher values of cutoff 


curve is 
fre- 


this 


occurs. At 
cross talk is present because of the 


carryover 
frequency, 
carryover from channel to channel as shown in 
Figure 6. As the cutoff frequency is raised still 
further, the pulse becomes differentiated and 
returns to the base line some time before the next 
again resulting in negligible 


channel occurs, 


carryover. 
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2.4 COMBINED HIGH- AND Low-FREQUENCY 
CUTOFF 
The fact that cross talk due to high-frequency 
attenuation is of opposite phase from cross talk 


RELATIVE GAIN IN DECIBELS 


Figure 8—Relative gain plotted 
against frequency for 


tion modulation with filter network 


pulse-posi- 


shown. Values of C in micromicrofarads and of cross talk in decibels are, respec- 
tively, for curve 1, 4500 and 62; curve 2, 132 and 38; and curve 3, 4.8 and 73. 


due to low-frequency attenuation indicates that 
by suitably choosing the high and low cutoff 


frequencies some form of cancellation might 
produce a system featuring high cross-talk ratios 
with very narrow bandwidth. Results of experi- 
ments along this line are plotted in Figure 8. In 
each case, the high-frequency response was kept 
to a value that would not greatly affect cross 
talk, and the low-frequency cutoff was varied. 
Notice that in curve 3, where the over-all band- 
width between the 3-decibel points was con- 
siderably less than 1 megacycle, a cross-talk 
ratio of 73 decibels was obtained, whereas the 
inherent cross talk in the system was only 66 
decibels. Thus, some of this inherent cross talk 
was actually cancelled out. In investigating 
causes of cross talk in a given system, it is 
important to remember that a good cross-talk 
figure may be the result of some form of acci- 
dental cancellation of two forms of cross talk 
arising from different sources. 


2.5 MISCELLANEOUS CONSIDERATIONS 


The formula given in Figure 1 is also useful in 
determining the spacing between adjacent pulses, 
and thus the number of channels that may be 
employed in a given bandwidth. The smaller the 
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pulse spacing, the larger is the required band- 
width for a given deviation and cross-talk figure. 
In the case of the sharp-cutoff filter, however, 
Because of the 

the base line 
resulting from the distortion 
of the pulse, the pulses may be 
positioned such that the peaks 
and troughs of the overshoot 
can cause cross-talk cancella- 


this is not necessarily true. 


-~ oscillations on 


tion. Thus, a position may be 
found where cross-talk ratio is 
a maximum, whereas moving 
the pulse in either direction 
will cause the cross-talk ratio 
to decrease. With pulse-posi- 
tion modulation, it will be 
found that this type of cross 
talk varies considerably with 
percentage modulation, de- 
pending on the peak deviation 
used. Such cross talk also may 
occur accidentally, due to ring- 
ing resulting from long induc- 
decoupling of circuits 


tive leads, insufficient 


containing inductances, and other causes. 
3. Pulse- Amplitude Modulation 
3.1 HIGH-FREQUENCY CUTOFF 


The interchannel cross talk caused by poor 
high-frequency response may be studied in a 
manner similar to that used in the above dis- 


RELATIVE 
AMPLITUDE 


FREQUENCY fF, 


Figure 9—Effect of high-frequency response on cross 
talk in pulse-amplitude modulation using a resistance— 
capacitance filter. M4=A/E=modulation factor. Cross- 
talk ratio=exp (Tp/RC). Cross talk in decibels for 100- 
percent modulation = 8.68 Tp/RC. 
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TRANSMITTER 


Figure 10—Equipment used 
for cross-talk measurements on 


pulse-amplitude modulation. 


VARIABLE 


cussion. The expression is derived by the same 
procedure, with the exception that the displace- 
ment of the pulse under modulation is one of 
amplitude and not a time deviation, and that 
there is no pulse-position-modulation improve- 
ment factor in this case. Referring to Figure 9, 
at one extreme of modulation, the carryover is 


e:=E exp [—(Tp/RC)](1+M). 


At the other extreme of modulation, the carry- 
over is 


e2=E exp [—(Tp/RC) ](1—™). 


The peak-to-peak amplitude variation of the 
pulse due to carryover is then 


€:—e2=2ME exp —(Tp/RC). 


Since the peak-to-peak output of the channel 
when modulated in the normal fashion is 2ME, 
the cross-talk ratio becomes 
2ME _ 2ME 
é:—e. 2ME exp —(Tp/RC) 
Cross-talk ratio=exp (Tp/RC). (7) 


Taking the logarithm to the base 10 of both sides 
and multiplying by 20, gives 


8.687 p 
KG 


(8) 


cross-talk ratio in decibels = 


3.2 Low-FREQUENCY CUTOFF 


Because of the presence of an audio-frequency 
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DEMODULATOR 


CHANNEL 
SEPARATOR 


TRANSMISSION 
WETHORK 


DEMODULATOR 


AUDIO- FREQUENCY 
OSCILLATOR 


component in pulse-amplitude modulation, the 
effect 
considered 


low-frequency attenuation must be 


different 


of 
from a standpoint. This 
audio-frequency component represents a change 
in the average value of the signal with modula- 
tion. When a pulse-amplitude-modulated signal 
is passed through a coupling network that does 
not transmit the direct-current component, 
displacement of the base line occurs. This dis- 
placement will in accordance with the 
modulation. The result is that when one channel 
is modulated, all other channels are affected. 


Since an exact mathematical analysis is rather 


vary 


involved, an experimental procedure was fol- 
lowed similar to that used in the experiments 
with pulse-position modulation. A block diagram 
of the equipment is shown in Figure 10. 

The transmitter consisted of a two-channel 
pulse-amplitude modulator with a pulse-repeti- 
tion rate of 8 kilocycles and a pulse width of 
approximately 3 microseconds. A phasing net- 
work was incorporated so that the relative 
position in time of the two channels could be 
adjusted at will. Standard resistance-capacitance 
coupling networks of the type shown in Figure 6 
and having various time constants were inserted 
at the point marked “transmission network.” 
The desired channel was demodulated and cross 
talk measured by means of a wave analyzer as 
previously described. 

The 11. The 


inherent cross talk in the system due to high- 


results are shown in Figure 
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frequency carryover was 70 decibels. It is 
interesting to note the dependence on modulating 
frequency, and the extremely large time con- 
stants that are required if high cross-talk ratios 
are to be obtained at low modulating frequencies. 
For example, to obtain a figure of 56 decibels 
with a modulating frequency of 200 cycles, a 
0.25-microfarad coupling capacitor and a 1- 
megohm grid resistor would be required. The 
cutoff frequency of this network is only 0.6 
cycle! This, of course, represents only one 
coupling network. The requirements become far 
more severe in a multistage amplifier having 
several such networks in cascade. The use of such 
large coupling capacitors introduces new prob- 
lems, such as the effect on the high-frequency 
response of capacitance to ground, and changes 
in the direct-current grid bias of the following 


tube resulting from leakage currents. 


CROSS TALKIN DECIBELS 


400 800 1000 
MODULATION FREQUENCY IM CYCLES 


¢ 
MODULATOR R —IDEMODULATOR 


Cross talk plotted against modulation fre- 
rhe 


The designations on 


2000 


Figure 11 


quency for 2 pulse-amplitude-modulated channels. 
pulse-repetition rate is 8000 cycles 
the curves correspond to the product of C and R (micro- 


farads X megohms) in the coupling circuit shown. 
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CROSSTALK IN DECIBELS 
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Figure 12—Cross talk as a function of the logarithm of 
the phase shift of the coupling network for pulse-amplitude 


modulation. 


The separation between the two channels was 
varied and the cross talk at 1000 cycles measured 
for two values of transmission time constant. 
Cross-talk ratio was found to be independent of 
channel spacing. 

The effect of the coupling network may be 
expressed in several ways: in terms of time 
constant, cutoff frequency, or in phase shift at a 
certain frequency. A convenient empirical rela- 
tion may be derived by taking the data of 
Figure 11 and plotting cross talk in decibels 
against logio phase shift in degrees, where tan 
6=F,/F. This is shown in Figure 13. Since the 
result is a straight line, the equation of the curve 


1s 
cross talk in decibels = 56.7 —15.8 logio 6. (9) 


To obtain a cross-talk figure of better than 56.7 
decibels, a phase shift of less than one degree is 
required. In applications where it may be found 
impractical to obtain the required low-frequency 
response by using large coupling capacitors, the 
usual methods of correcting the low-frequency 
response may be applied, providing all the stages 
involved are linear. However, it is advisable to 
determine the effect on the phase response of 
slight variations in component tolerances. Ad- 
justment of such compensating networks may be 
found to be extremely critical. Any other net- 
works that may affect low-frequency response 
must also be controlled, such as screen-grid and 


cathode by-pass networks, 
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Theory of Space-Charge Waves in Cylindrical Waveguides 


with Many Beams* 


By PHILIP PARZEN 


Federal Telecommunication Laboratories, Incorporated; Nutley, New Jersey 


N A REPORT | by Haeff, the theory of the 
propagation of space-charge waves in un- 
bounded coincident electron beams is dis- 
cussed. Haeff’s theory, however, does not ac- 
count for the effect of the surrounding wave- 
guide and the separation of the electron beams 
on gain and bandwidth. 
This effect has been calculated approximately 
by an integral-equation method; and it has been 


_—_—— 


LLLLLLLLLLLLLL LLL. 


ZLLLILLLLLLLLL LLL 
a 


Figure 1. 


found that in general the maximum gain and 
bandwidth both Furthermore, the 
energy transported is mostly in the form of 
alternating-current kinetic energy in the electron 
the form of 


decrease. 


beam; and very little of it is in 
electromagnetic-field energy in the waveguide. 
Hence, the input and output circuits for such a 
device would be similar to those of a klystron 


rather than those of a traveling-wave tube. 


1. General Considerations of Electron- 
Beam-Wave Interaction 
Consider the case of a cylindrical waveguide, 
as shown in Figure 1, filled by many electron 
beams with varying initial longitudinal velocities. 
We shall make the usual assumptions that 
only the longitudinal electric field £, acts on the 


* This development was sponsored by the Signal Corps 
Engineering Laboratories of the United States Army. A 
paper on this subject was delivered at the joint meeting of 
the American Section of the International Scientific Radio 
Union and the Washington Section of the Institute of 
Radio Engineers in Washington, District of Columbia, on 
May 2, 1949. 

1A. V. Haeff, “The Electron-Wave Tube—A Novel 
Method of Generation and Amplification of Microwave 
Energy,” Proceedings of the I.R.E., v. 37, pp. 4-10; Janu- 
ary, 1949. 
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beam (the other components being neutralized 
by the infinite longitudinal magnetic focusing 
field), and the small-signal approximations® are 
in meter-kilogram-second units 


Vie=Ui +5; exp[ j(wt —hz) | 
pit= pith: exp j(wt—hz) ]; 1.<Ku,, pi<Kpi, 


(1) 


where p; is the initial direct-current density of 
the electrons whose direct-current velocity is 2. 
The subscript ¢ denotes the total quantity and 
the tilde the alternating-current part. The longi- 
tudinal current density 


J,=I+J exp[j(wt—hz) }] (2) 
J =>.(pH:+5.0,). | 4 


By deriving the wave equation including the 
space charge and using (1), (2), and the continu- 
ity equation, the variation of FE, is given by 


Veb,+ (hE, = E(k he) F) 
ea 
~ Ox? oy" 


V2: 


w 2m 
. = 
where ¢=impedance of free space. 

Equation (3) may be considered to represent 
the forced spatial vibrations of the waveguide 
caused by the beams; and £, and J may accord- 
ingly be expanded in the orthogonal modes of 
the free vibrations (waveguide without beams). 

In the case of J=0, there exist orthogonal 


modes given by 
E£,=E.» exp[ —jhnz ] ] 


VZE nt (Rh) En =0. | 


f E., Et,d A=0, ifnx¥m 


= N,, if n=m, 


2J. R. Pierce, ‘‘Theory of the Beam-Type Traveling- 
Wave Tube,” Proceedings of the I.R.E., v. 35, pp. 111-123; 
February, 1947: see p. 114. 
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where E* is the conjugate of FE, and G is the cross- 
section of the waveguide. Thus, for the case of 
J #0, let 


an, expl —jhz ] 


i (6) 
b,, EF 


:=)> 
—s 
== 


fen Expl —jhz ]. 


Substituting these into the wave equation, 
and equating Fourier coefficients 


i(R?—h?) by 
k h,?—h?’ 


(7) 


~ jt(k?—h?) QW E., Se. 
a 2 JE*,dA. (8 
E ee aw |, Et, dA ) 


The relation between J and E,, which is ob- 
tained from the equations of motion, is 
pont: p iat 


, j TZ (w—hv,)? m 


Thus, the following integral equation is 


obtained for F.. 
E.(s)= | K (s,t) E. () d A, 


s) E*,(t) T(t) 


Ciesla 
- (h?—k?) }}.N,4 


“— t1+Ly 


-= k*—h,?. 


and (s) and (t) denote any two points in G. 

T(t) is a function of the direct-current veloci- 
ties and densities of the various beams and its 
variation is a measure of the variation of the 
density and velocity across the waveguide. 


2. Special Cases, i = 2 


Consider two simple cases of (10) for two 


beams. 


A. Two THIN ANNULAR BEAMS WITH 
PROPERTIES IN A CIRCULAR 


2.1 CASE 
SYMMETRICAL 
WAVEGUIDE. 


For the case of two thin annular beams with 


symmetrical properties in a circular waveguide,’ 


‘This problem has also been treated by J. R. Pierce, 
“Double-Stream Amplifiers,’’ Proceedings of the I.R.E., v. 
37, pp. 980-985; September, 1949: see page 983. However, 
the effect of geometry and beam separations are accounted 
for by electrostatic approximations. The method outlined 
here is more general. 
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reference is made to Figure 2. Here 7(t) =0 ex- 
cept for small annular rings of cross-sectional 
areas S; and S», respectively, in which T(r) is 
constant and independent of @. It is necessary to 


Figure 2, 


sum over the symmetrical modes only, replacing 
the integrals in (10) by sums. 


E.(r1) = EAry) SyK(ry,r1) 
+E.(re) SoK (r1,r2) 


E.(re) = E.(r,) SK (re,7r3) 
+ Ere) SoK(ro,re).} 


(13) 


Looking for solutions of the form 


w w 
=—--+u, uK<-, 
v v 


and letting 

ay,” 
11Qloe 
- 2 
y=— 
w)" = Yws" 


the eliminant of (13) is 


1 1 


(w—hv,)?  (w—hv»)* 


= w)1" 
(x—1)w' 
(w—hv,)?(w— hv)?’ 
bea (Va) Lon (73) 


agnisaye: 


ATi) ( 
= T1+ (yn B)? No 6) 


where B=w/v. It should be noted that aj; and ax2 
measure the effect of the individual beams, while 
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@i2 measures the effect of the separation of the 
beams. 


Thus x = 1 corresponds to coincident beams and 
x=0 to the case where the beams are far apart. 
Now let 

U;—Ve 
ja 
2 
wi | 
A= as 
Vw 141°? | 


H=—=_, 


i 
W1011 * 


then (15) reduces to 


1 1 


x-1 
os (A—H)?* (a+)? 


a-mxatHy’ “8 


1 7 


- | wd | ; 
if |< +uv|>>yé. Thus 


H? = A?+1+(4A?+x)'. (19) 


Thus, maximum gain is given by | H?| max=x/4 
and maximum bandwidth is given by A?< 1+”. 

Thus, both the maximum gain and bandwidth 
decrease as the beams are separated. When the 
beams are coincident, there is still a reduction in 
gain and bandwidth because of geometry. In this 
case, the maximum gain and bandwidth is pro- 
portional to ai;’* which can be maximized by 


Recent Telecommunication Development 


making y,/8 as small as possible or the mean 
electron velocity should be as small as possible. 


2.2 Case B. CYLINDRICAL WAVEGUIDE ENTIRELY 
FILLED WITH A HOMOGENOUS MIXTURE OF 
Two ELECTRON BEAMS 

The case of a cylindrical waveguide entirely 

filled with a homogeneous mixture of two electron 
beams is considered to show how the space- 
charge waves differ from ordinary field waves in 
a waveguide. Let «= P/T, where P is the electro- 
magnetic energy transported across the wave- 
guide per unit of time, and 7 is the amount of 
excess alternating-current kinetic energy simil- 
arly transported. Thus, for a field wave u>1 and 
for a space-charge wave u<1. For this case, 


= _(y/B)? 
P* T+ (y/B) 


Since y/8<1, to obtain gain, uw is quite small in 
this case (y/8~0.1). This is in contrast to the 
traveling-wave tube, where y is of the order of 
6 and, hence, yu is correspondingly larger. Thus, 
in this case, the matching of the input and out- 
put to the beam will be similar to that of a 
klystron and different from that of a traveling- 
wave tube wherein one matches electromagnetic 
fields. 


5G(4), O<¢G(A)<1 (20) 


Television Picture Monitor 
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ABORATORY and production testing of video- 

frequency amplifiers for television is ex- 
pedited with a new high-quality picture monitor. 
It is equally useful for monitoring the output of 
a television transmitter and it will not reduce 
the resolution of the signal being checked. Its 
resolving power permits operation well beyond 
600 horizontal lines. 

The deflection circuits have been designed for 
stable operation and are independent of the 
separately driven pulse high-voltage supply. This 
permits the adjustment of horizontal linearity 
and size without concern for the effect on high 
voltage. A 16-kilovolt supply aids in producing 
a bright crisp 14-inch picture. 

Designated FTL-84A, the monitor is a de- 
velopment of Federal Telecommunication Lab- 
oratories. 
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Periodic- Waveguide Traveling-Wave Amplifier 


for Medium Powers* 


By G. C. DEWEY,+ PHILIP PARZEN, and T. J. MARCHESE 


Federal Telecommunication Laboratories, Incorporated; Nutley, New Jersey 


THEORETICAL and __ experimental 
study of singly corrugated coaxial trans- 
mission lines is given here. The proper- 

ties of the structure as a transmission line are 

calculated and the effect of the electron beam is 
taken into account by a field method. Theo- 
retical values of gain and bandwidth are ob- 
tained. The results of the experimental study are 

compared with the theory. An amplifier giving a 

50-watt output with 20-decibel gain and 100- 

megacycle bandwidth at a wavelength of 6.5 

centimeters has been obtained. The best power 

output and efficiency that have been obtained 
are 125 watts and 7 percent, respectively. 
iS & 


1 .Introduction 


Theoretical analyses and experimental studies 
of helix-type traveling-wave tubes have been 
carried out by Kompfner' and Pierce.* Other 
workers have contributed to the theoretical prob- 
lem, notably Chu*® who obtained a boundary- 
value solution to the problem using Pierce's ideal 
helical current-sheet boundary and including the 
effect of Pierce’s electron beam by the method of 
Hahn and Ramo. Field‘ has investigated other 
types of waveguide structures. 

This paper is concerned with a traveling-wave 
tube using a corrugated-inner-conductor coaxial 


* Reprinted from Proceedings of the I.R.E., v. 39, pp. 
153-159; February, 1951. A partial summary report under 
the same title was presented at the National Electronics 
Conference, Chicago, Illinois, November 5, 1948. This 
development was sponsored by Coles Laboratory, Signal 
Corps, United States Army. 

7 Now with Weapons Systems Evaluation Group, Office 
of the Secretary of Defense, Washington, District of 
Columbia. 

'R. Kompfner, “Traveling Wave Valve,” 
World, v. 52, pp. 369-372; November, 1946. 

2J. R. Pierce, ‘Theory of the Beam-Type Traveling- 
Wave Tube,” Proceedings of the I.R.E., v. 35, pp. 111-123; 
February, 1947. 

3 L. J. Chu and J. D. Jackson, “Field Theory of Travel- 
ing-Wave Tubes,”’ Proceedings of the I.R.E., v. 36, pp. 
853-862; July, 1948. 

4L. M. Field, “Some Slow-Wave Structures for Travel- 
ing-Wave Tubes,” Proceedings of the I.R.E., v. 37, pp. 
34-40; January, 1949. 
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transmission line with an annular electron beam 
between the inner and outer conductors. The 
first part deals with the theoretical analysis of 


Figure 1—Singly corrugated coaxial transmission line. 


the structure following the method of Goldstein® 
for a field solution in the absence of the electron 
beam and includes the electronic parameters by 
the method Chu used for the helix traveling- 
wave tube. The second part deals with an experi- 
mental study and the comparison of the results 
with the theory. 


5H. H. Goldstein, “Cavity Resonators and Waveguides 
Containing Periodic Elements,”’ Doctoral Thesis, Massa- 
chusetts Institute of Technology; 1943. 
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The choice of the corrugated coaxial structure 
from the plethora of possible slow-waveguide 
structures was made after a wide investigation. 
The type of amplifier described by Field and the 
iris-loaded waveguide structure proved to have 
very limited bandwidth; the singly corrugated 
coaxial line represented a compromise between 
gain, power output, and bandwidth. 


Theoretical Study 
2.1 CALCULATION OF THE COLD PHASE VELOCITY 
The structure we are considering, which is as- 
It 
belongs to a large class of periodic waveguides 
along with the linear magnetron and the iris- 
loaded waveguide used in linear-accelerator work. 


sumed to be lossless, is shown in Figure 1. 


The properties of such structures are dealt with 
extensively by Brillouin,® Slater,”? and Goldstein ;° 
the latter treats in detail, but with certain ap- 
proximations, the properties of our structure. 

The method of solution is to obtain in the 
annular or “hole”’ region r;>r > 7-2 solutions satis- 
fying Maxwell's equation and meeting the bound- 
ary conditions at r=r,, and to obtain standing- 
wave solutions for the fields in the slots r2>r>73, 
including higher-order cutoff modes. The field 
expansions are Fourier series, and by equating 
coefficients, an equation may be obtained with 
the required degree of approximation depending 
on the number of terms used. 

The wave functions for circularly symmetric 
TM waves in this geometry are Bessel functions 
of order zero of the first and second kinds. The 
wave equation is easily separated and the follow- 
ing functions are obtained, taking into account 


+i. 
tures,” 
1946. 

of pe Slater, “Electromagnetic Waves in Iris-Loaded 
Wave-Guides,” Report 48, Massachusetts Institute of 
Technology, Research Laboratory of Electronics, Cam- 
bridge, Massachusetts; September 19, 1947. 


Brillouin, ‘‘Wave Propagation in Periodic Struc- 
McGraw-Hill Book Co., New York, New York; 
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where 


, px¥0 


€p= 


1 
€ép=2, p=0. 


Equation (3) is a set of m homogeneous equa- 
tions in unknowns; it is the usual type of equa- 
tion obtained in these problems and can be solved 
in principle. Provided the guide wavelength is 
large compared to D, the amplitudes of the space 
harmonics are small and one can consider the 
case where n= p=q=0. This amounts to taking 
the principal mode in the hole and the first 
even and odd modes in the slot. For values of 
H,—(r/D), the space harmonics must be in- 
cluded and Slater’ has given a more general 
method of solution to this type of problem. 

We are concerned only with geometries where 
D<rz,and |HyD/2x| <1. Under these conditions, 
letting yo=77o, and going to the modified Bessel 
functions, (3) becomes 


To ore) Ko(yor1) — To(yor1) Ko(yor2) d 


A 


Y Ti(-yors)Kol yori) +Lo(yors) Kilyors) D 


8 (fd)? 
Dr’ 


It is convenient to regard (4) as an impedance 
equation. It can be obtained without the second 
term on the right by equating at r=r, the values 
of E,/Hs averaged over a period of the structure 
for the fields of the two regions. This latter 
method does not allow one to calculate the effect 
of the odd-slot mode, which gives an important 
correction to the phase velocity obtained from 
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Figure 2—Qualitative picture of the electric field. 
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the simple method. A qualitative picture of the 
electric field is shown in Figure 2. 

For very low frequencies, the asymptotic 
values of the Bessel functions for small arguments 
may be used in (4), except in the second term on 
the right, which is, for most traveling-wave tube 
geometries, very nearly unity. The resulting 
asymptotic phase velocity for low frequencies is 

V 1 S 
CT 8@ d : ms 
r'Dr, D 

8d? 

rDr» 


log 2 
og rs 
log 22 

— log i 


which is independent of the frequency and al- 
ways less than the velocity of light. Figure 3 
shows the results of an approximate phase- 
velocity calculation for a typical structure. Fig- 
ure 4 shows a comparison between measured 
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results and the data computed from (3). The 
mean error is about four percent and cannot be 
much reduced without including the effect of 
several space harmonics. 

2.2 PROPERTIES WITH AN ELECTRON BEAM 
FILLING THE REGION rerio 


We calculate here, by a small-signal approxi- 
mation, the modification of the cold properties 
introduced by a monochromatic electron beam 
constrained to move axially at a velocity small 
compared to that of light. Under these condi- 
tions, only the z component of the electric field 
(always neglecting the Lorentz forces) interacts 
with the electron stream, and it may easily be 
shown? that the alternating-current density has 
only a z component, which is linearly related to 
the longitudinal electric field by the relation 
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With this relation, the analysis 5 
of Section 2.1 may be carried out 
and an equation analogous to (3) 
obtained. 
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Equation (6) can be solved exactly numeri- 
cally, but it is far easier to obtain a solution by 
considering the hot-propagation constant as a 
perturbation on the cold case. This method is in 
contradistinction to the method of Pierce? who 
considers the hot modes to be perturbations of 
the Hahn-Ramo waves traveling on the electron 
stream. 

The propagation constant //, with the electron 
beam, differs from the cold constant Hy) by a 
small quantity 6 which may be complex. One may 
modify (6) by expanding P in a Taylor series 
about y = yo to the first order in a and 6. Setting 
17 =T1, in the terms on the right (since the term 
is a correction, the error so introduced is negli- 
gible), the equation can be reduced to the follow- 
ing form: 


6(u—6)?+A =0, (7) 
where 


u=B—Hp 
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Figure 3—Approximate theoretical phase velocity for a 
tube in which d/D=0.135 and which has dimensions in 


centimeters of r2= 1.2, rs=0.4, and D=0.15 
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Figure 4—Comparison of the experimental phase ve- 
locity with theoretical values calculated from the complete 


theory. 
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Equation (7) is a form of the usual cubic equa- 


p* 


d , Zo(k, Yo, 73) 
Zo'(k, re, 3) 


tion obtained in traveling-wave-tube theory. 

The imaginary part of the complex pair of 
roots is the gain in nepers per centimeter. Re- 
duced values of the imaginary part of the com- 
plex pair of roots are shown in Figure 5 and for 
the real part in Figure 6. For calculating the fre- 
quency dependence of the gain, one must calcu- 
late A as a function of the frequency from the 
cold theory and then one readily gets the gain 
and hot phase velocity from Figures 5 and 6 
and (7). 

For small values of a, i.e., low beam current, 
the frequency dependence of the gain is mainly 
determined by the rate of change of u with fre- 
quency, i.e., the cold dispersion of the structure. 
For large values of a, the frequency dependence 
of-A becomes important. 

Actual calculation of the performance of a 
given length of this structure depends on the 
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Figure 5—Reduced imaginary part of the 


complex pair of roots of (7 
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Figure 6—Reduced real part of complex pair 


of roots of (7) 


initial boundary conditions and corrections for 
the presence of loss. The method in which these 
calculations are carried out is similar to that 
for helix-type traveling-wave tubes for 


the 


used 
which extensive analvses are available in 


3,8,9 


literature.” 


3. Experimental Study 
3.1 DESCRIPTION OF THE EXPERIMENTAL TUBE 


A number of different structures based on the 
previous calculation have been made and tested. 
A drawing of a typical structure is shown in 
Figure 7. 

The corrugated inner conductor is made by 
assembling punched metallic disks with small 
metallic spacers on a refractory metallic mandrel 
and clamping the ends. The dimensions of the ac- 
tive part of the tube are, in the notation of Fig- 
ure 1 in centimeters, 


= 1.35 
= 1.20 


d=0.10 
D=0.125 
length =/= 14.2. 


§M. Goudet, “Les Recents Progrés des Tube Ampli- 
ficateurs pour Ondes Centrimétriques,” Ann. Télécommun., 
v. 3, pp. 445-455; December, 1948. 

0. E. H. Rydbeck, ‘Theory of Traveling-Wave Tubes,” 
Ericsson Techniques No. 46, Telefonaktiebologet L. M. 
Ericsson, Stockholm; 1948. 
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——50-OHM INPUT COAXIAL LINE A: MATCHING SLUG OUTPUT MATCHING SLUG } 


RM 


BEAM-FORMING ELECTRODE 


CATHODE 


Figure 7 


The input and output of the corrugated co- 
axial structure are matched to 32-inch outside- 
diameter 50-ohm coaxial transmission line. The 
outer conductor has three longitudinal slots cut 
through it; the slots have been found to prevent 
propagation of an asymmetrical mode, which 
otherwise propagates freely and causes the ampli- 
fier to oscillate. 

The annular electron beam is obtained from a 
pure tantalum ring emitter operated temperature 
limited for control of the beam current. The 
electrostatic and magnetic fields are so controlled 
that the electron orbits are very nearly rectilinear 
and space-charge forces, in the range of currents 
used, are generally small. The annular beam 
enters the coaxial structure through an annulus 
with four transverse spokes that serve to connect 
the outer conductors for radio-frequency cur- 
rents. The beam leaves through a similar struc- 
ture and is collected on a separate collector. The 
ratio of collected current to cathode current has 
varied between 0.6 and 0.8. The maximum pos- 
sible beam efficiency is about 0.8 due to the part 
of the area of the annulus subtended by the 
radial spokes. 

3.2 EXPERIMENTAL RESULTS AND COMPARISON 
WITH THEORY 


The operation of a dispersive traveling-wave 
tube of this type is characterized by a resonant 
dependence of the electronic gain and power out- 
put on frequency. The terminal impedance match 
is sufficiently broad-band so that the electronic 
properties alone determine the frequency re- 
sponse of the amplifier. 
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Figure 8—Experimental resonance beam voltage for 
very small beam currents. 


Figure 8 shows the resonance voltage!® as a 
function of frequency taken with very small beam 
currents. This curve gives a relation between 
beam voltage and frequency that allows one to 
plot the various parameters as a function of this 
beam voltage. Operation in a region of power 
saturation causes an upward shift in the reso- 
nance beam voltage, but the shift has never ex- 
ceeded 10 percent. 


‘© The ratio of d/D for the theoretical curve is larger than 
that for the experimental curve, which explains the higher 
experimental voltages in contrast to Figure 4. 
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Figure 9 shows the small-signal gain of the 
tube, with finite cold attenuation, as a function 
of beam current for various values of the beam 
voltage, which corresponds to the values of fre- 
quency given. 

The gain of the amplifier as a function of power 
level exhibits the usual marked saturation effect 
seen in traveling-wave tubes. As the power input 
increases, a point is finally reached where an 
increase in the input power results in a decrease 
in the output power. The power output is then 
the maximum power output of the tube. 

Figure 10 shows the saturation power output 
as a function of beam current. In the curves in 
Figure 10, a slight shift towards higher voltage 


has taken place due to saturation. 
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Figure 9—Small-signal gain plotted against beam cur- 
The values of V, 


cycles for the upper curve are 


in kilovolts and frequency in mega- 
4650 and, 


rent. 


3.6 and for the 


lower curve, 4.6 and 4550 


In comparing these results with the theory, it 
is necessary to take into account the excitation 
of the three forward waves at the input and the 
effect of the 
three forward waves results in a loss calculated?" 


Excitation of 


the insertion loss. 


to be 9 decibels in the growing wave at syn- 
chronism. The value of this excitation loss can be 


J. R 
Wave Tubes,” Proceedings of the I.R.E., v 
\ugust, 1948. 


Pierce, ‘Effect of Passive Modes in lraveling- 
36, pp. 993-996; 
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shown by (7) to depend in a complicated fashion 
on the cold attenuation and the separation of the 
beam velocity from that for synchronism. The 
nature of this dependence is not sensitive and the 
value of excitation loss varies from 6 to 12 deci- 
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BEAM CURRENT IN MILLIAMPERES 


Saturation power output plotted against 
beam Vo=4.9 kilovolts, 
f=4550 megacycles, and the gain is 16.9 decibels. The val 


Figure 10 


current. In the upper curve, 


ues for the lower curve are, respectively, 4.0, 4650, and 20. 


bels for practical ranges of operation. The cor- 
rection obtained for attenuation L, uniform along 
the structure, has been calculated by numerous 
authors? and it can be shown that (7) leads to 
the same conclusion, that one must subtract one- 
third the attenuation from the gross electronic 
gain for small values of attenuation. The be- 
havior for values of attenuation comparable to 
the gain can be shown by (7) to require subtract- 
ing about one-half the total loss. Subject to the 
use of approximate values, the formula relating 
the net gain Gz to the gain per unit length G, 
which was calculated in Section 2, is 


2L 


— decibels. (8) 
5 


Gnet =1G —9— 

The values G in decibels per centimeter obtained 

from the experimental results by (8) are com- 
pared to the theoretical values in Figure 11. 

The frequency dependence of the gain for fixed 

beam voltage is readily calculated from (7), and 

Figure 12 shows the experimental gain as a func- 
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tion of frequency compared to the theoretical 
value, again by means of (8). The tube was 
operating partly saturated when this curve was 
taken, which has resulted in a shift of the center 





THEORETICAL 


30 35 40 45 5.0 5.5 
BEAM VOLTAGE IN KILOVOLTS 
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Figure 11—Gain per unit length for an experimental tube 
with small-signal input compared with theoretical values, 
for 250 milliamperes beam current. 


frequency of the experimental curve towards the 
theoretical value. 


3.3 POWER OUTPUT 


The power output of a traveling-wave tube 
cannot be calculated from the foregoing analysis 
due to the failure of the small-signal approxima- 
tion. In general, numerical techniques are re- 
quired. However, experimental studies of helix 
tubes and qualitative theoretical arguments indi- 
cate that the power output is in general given by 

Pret = a iToVo, 


€ 
8.68x(3)! (9) 


where G is the electronic gain in decibels per 
centimeter and K is a constant that depends on 
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a variety of factors; K is most sensitive to the 
uniformity and losslessness of the output section 
of the tube. For helix tubes, values of K as high 
as three have occasionally been obtained. We 
have been largely unable to control the magni- 
tude of the attenuation in the output section oi 
our tube. The values of A corresponding to the 
measured powers shown in Figure 10 range be- 
tween 0.9 and 1.2. The best values of efficiency 
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Figure 12—Experimental and theoretical gain plotted 
against frequency. In the experimental case, the power 
input was 0.50 watt. The beam values were 4 kilovolts and 
200 milliamperes. 


and power output that have been obtained are 
about 7 percent and 125 watts at about 4.5 kilo- 
volts and 380 milliamperes beam current with a 
gain of about 17 decibels. In view of the work 
with the helix tubes and of certain theoretical 
arguments, it is likely that efficiencies of the order 
of 15 to 25 percent and power outputs in the 
vicinity of 500 watts are possible in this fre- 
quency range with tubes of this general type. 
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Effect of Hydrostatic Pressure in an Electron Beam on the 


Operation of Traveling-Wave Devices * 


By PHILIP PARZEN and LADISLAS GOLDSTEIN 


Federal Telecommunication Laboratories, Incorporated; Nutley, New Jersey 


MALL velocity spreads in an electron 

beam appear to cause a decrease in gain 

and noise figure of a traveling-wave tube. 
The actual decrease depends on a quantity uy, 
which can be interpreted physically as a measure 
of the ratio of the coupling of the electrons to 
each other via the hydrostatic pressure to the 
coupling of the electrons to the external wave- 
guide circuit. Thus, physically, the effect of the 
velocity spread is to introduce further interac- 
tions among the electrons, in which the external 
circuit does not take part. This interaction may 
be thought of as a hydrostatic pressure similar to 
that in a liquid or gas. 


The macroscopic properties of a gas can be 
calculated from the distribution function f(x, u, 
t), where fdxdu is the number of particles having 
their position between x and x+dx and their 
velocity between u and u+du. This function can 
the Boltzmann transport 
equation which, if written in one dimension, is 


be determined from 


(Of /dt)+u(df/dx)+adf/du=df/dt\conision, (1) 


where a is the acceleration of a particle. Equation 
1) is the mathematical statement of the con- 
servation of the number of particles in detail 
along a flow line. 

The mean (drift) velocity v and total particle 
density m are given by 


n = f fau, 
v=(1 n) [uf u)du, 


and only velocities in the x direction are con- 
sidered. 


* Reprinted from Journal of Applied Physics, v. 22, pp 
398-401; April, 1951. This work was sponsored by the 
Signal Corps Engineering Laboratories. 
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As shown by Chapman and Cowling,! the 
integrals of (1), which express the conservation 
of matter on the whole and momentum, eliminate 
the collision term and also determine the varia- 
tion of the total particle density and mean 
velocity. 


These expressions are 
(dn/dt)+0(nv)/dx =0, 
dv/dt=a—d0P/nmox, 


where m is the mass of a particle and P is the 
hydrostatic pressure. 

The evaluation of P may be carried out in 
terms of an equivalent temperature 7 of the 
distribution function. Thus, 


kT/2=(1 in) [mu —0)'fau, 


P=nkT, 


k being Boltzmann’s constant. 

We see from (5) that the effect of the distribu- 
tion on the mean velocity is to introduce an 
additional term in the force equation. The ad- 
vantage of working with these integral expres- 
sions is that they constitute two simultaneous 
differential equations for m and v in those flow 
processes in which T is constant. This constitutes 
a considerable simplification in the solution of 
flow problems in a gas. 

A, perhaps, trivial example of such a process is 
that of flow in The 
important example of an approximately iso- 


isothermal a gas. more 
thermal process that we wish to discuss here is 
that of interaction between an electron gas and 
an electromagnetic wave, in which the determi- 
nation of m and v are of paramount importance. 


1Chapman and Cowling, ‘Mathematical Theory of 
Non-Uniform Gases,”” Cambridge University Press, 
London; 1939: p. 51. 
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It is well known that electromagnetic waves 
propagate in electron beams?* and under certain 
conditions, which occur for example in the travel- 
ing-wave tube‘ and in the double-electron-beam 
tube,® there exists amplification of the electro- 
magnetic wave. In these problems, the calcula- 
tion of gain depends on the change in velocity, 
charge density, and current density by the 
perturbing electromagnetic traveling wave. The 
magnitude of this change will also depend on the 
distribution function f. We shall now calculate 
this for the one-dimensional case of an electron 
beam traveling in an field 
characterized by an electric field Z in the same 


electromagnetic 
direction. Thus 

E=E exp(jot—T'x), 

a= —eF exp(jwt —I'x)/m, (9) 


where the tilde indicates an alternating-current 
value. 

The electron beam is considered as an electron 
gas with a direct-current distribution function 
fo(u) and drift velocity wo. In accordance with the 
usual small-signal approximations, we assume 
that with the perturbing electric field 


Vv=Uot+d exp(jut —T'x) ] 
n=no+hi exp(jot—Tx) | 
T=To+T exp(jot—T'x) | (10) 
J (current density) = Jo+J exp(jot—I'x) | 


Jo= —enotlo 
J = —e(not+ fino). 


Substituting these into (4), (5), and (7) and 
retaining only first-order terms, we have 


jv —Tuod 


= —(eE/m)+0(RToA/mno) +1 (k 7 ‘m), (11) 


jot —T (nod + fino) =0. (12) 


2W. C. Hahn, ‘Small Signal Theory of Velocity Modu- 
lated Electron Beams,’’ General Electric Review, v. 42, pp. 
258-270; June, 1939. 

2S. Ramo, “Electronic-Wave Theory of Velocity 
Modulation Tubes,’’ Proceedings of the I.R.E., v. 27, pp. 
757-763; December, 1939. 

4]. R. Pierce, ‘Theory of Beam Type Traveling-Wave 
Tube,’ Proceedings of the I.R.E., v. 35, pp. 111-123; 
February, 1947: p. 114. 

5A. V. Haeff, ‘“Electron-Wave Tube—A Novel Method 
of Generation and Amplification of Microwave Energy,” 
Proceedings of the I.R.E., v. 37, pp. 4-10; January, 1949. 
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We shall now assume that the process is 


isothermal. Thus, 7=0. Under these conditions, 


J =j61yE/2V.[(—1' +8)? — al], (13) 


= —uo(j8—-T)E/2Vo[(G8—T)?—al?], (14) 


a= —nl'E/2V.[(j8—T)?—al], 


(15) 
where 


B=o ‘tho, 
I) = enoto = direct-current density, 
V,)=voltage corresponding to uo, and 


a=kT)/mu,?, 


which is a measure of the random energy to the 
directed energy. For a=0, these equations reduce 
to those quoted elsewhere.‘ 

To calculate the interaction the 
electron beam and the electromagnetic field, it 


between 


is necessary to add to these equations the circuit 
equations. These are obtained from Maxwell's 
equations and are determined by the geometry 
of the surrounding waveguide system. We shall 
now give these calculations for the traveling- 
wave tube, using the method of Pierce to obtain 
the circuit equation for a filamentary electron 
beam. 


1. Effect of Velocity Spread in a Traveling- 
Wave Tube with a Filamentary Electron 


Beam 


Here »=number of electrons per unit length 
and J =total current. 

According to Pierce,* the relation between 
alternating current J and the alternating electric 
field E on the axis is 


E = JT y/po(T?—T)?) (17) 


if only one mode is considered; I'y and Yo are the 
propagation constant and admittance, respect- 
ively, of the waveguide in the absence of the 
beam. 

Substituting this 
following equation for I’: 


into (13), we have the 


lr? —P? =j26°C'T»/(—T'+j8)’—al*. (18) 


C= Pierce coupling coefficient 


=a (Lo ‘WoB?4 Vo) *. (19) 
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’ 


We shall calculate [ for the synchronous case 


only. Thus, 
l'o=J8. 
Let 
(20) 


Pr =jB—6; 5<KB. 


Thus, to first-order terms in 6, (19) becomes 


+ ap" = —jp°>C* (21) 
Now let 6=j8CX and uw=a/C’, hence, 
X*—ywX —1=0. 


As is well known, an amplified wave corresponds 
to a complex root of (22). 


‘8 2.0 


0 
0 02 04 06 08 1.0 12 14 16 
p= o/c* 


Reduction in gain and 


figure in a 
Plotted 


Figure 1 noise 
traveling-wave tube as a result of velocity spread. 
against w, are relative values of (1) gain in decibels per 
centimeter, (2) noise figure for current-modulation fluctua- 
figure for velocity-modulation fluc- 


tions, and (3) noise 


tuations 


Let G(u) = gain of the growing wave in decibels 


per centimeter for any uw. Hence 


G(u)/G(0) = 2X ;/3”%, (23) 
X, being the imaginary part of a root of (22). 
G(0) ete ng to the case of a monochro- 
1 Figure 1, G(u)/G(0) is plotted 
It is seen that the 


matic beam. 


against yp. gain is reduced by 
the velocity spread in the beam. Let us consider 
=0.10 


sponding to a cathode temperature = 


the following example: kT, volt (corre- 


1200 degrees 
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Kelvin),t C=0.015,and Vo = 500 volts. Then p= 1 
and the reduction in gain is about 65 percent. 
Thus, considerable reductions in gain from 
that given by the equation may be 
ascribed to a velocity spread in the electron 


Pierce 
beam. 


Effect of Velocity Spread on Noise Figure 


in Traveling-Wave Tubes 


Here, it is important to know the magnitude 
of the field in each mode that is excited by an 
initial input of electric field E, velocity modula- 
tion #, or current modulation J. From (13), (14), 


and (15), the initial conditions are 


LE:=E, (24) 


*—aD = —2Vod/uo, (25) 


[/jB1o, 


E;/(j8—T;) 


(78 —T:) (26) 


“ —ol'? ]=2 od 


for a=0, these are the same conditions as those 


of Pierce. 

If a is assumed to be small, these reduce to 
(24A) 
(25A) 


(26A) 


Le 1 — 2ja(B/6;)+a(B 6,)? ]=E, 
Le; /6;= —2Vod/uo, 
Ze; 62=2V.J/iBlo, 
where 


§,=j8—-V,; and e,=E,/[1—2ja(B/6;)+a(6/6;)* } 


gaining wave /, with a corresponding root 
(22) is 


The 
X 1 of ( 


E,=[1—2ja(B/6;)+a(B 6;)? ] 


E+(2Vo/uo)(62+63— 2jaB) 
+ ( 2 Vo JBL) (6263 — aB*) J 


(27) 
(1 —de 6;)(1 — 53 61) 


x 


We shall now compute the noise figure F for 


the following two cases using the method of 


Pierce. 


2.1 CASE 1 


Beam enters the waveguide with only 


current-modulation fluctuations. 


+ It can be shown with the aid of (40) that the direct- 
current process for rectilinear electron beams of small 
current density is essentially isothermal. 
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Here, 


F(u) F(0) = | 6263 — af? . Cc* 
= |14+Xym)2/)Xi/2, (28) 


F(0) = 2T*eVoC ea . (29) 


In Figure 1, we have plotted F(u)/F(0) against 
u. It is seen that the noise figure is reduced by the 
velocity spread in the beam. 


2.2 CASE 2 


Beam enters the waveguide with only velocity 
modulation @. 
Here,® 
(v* wy =4nkT.(1—Am)Af/Io, (30) 


where »=e/m and 7.=cathode temperature in 
degrees Kelvin. 
F(u)/ F(O) = | 62+63—2jaB! /B?C?=|X,\*, (31) 
F(0) =2(1—j)T./TC, (32) 
where 7=ambient temperature in degrees Kelvin. 
In Figure 1, F(u)/F(0) is plotted against yu. 
Here, too, the noise figure is reduced by velocity 
spread. 


3. Partial Justification of T=0 


We shall now determine under what conditions 
the alternating-current temperature T may be 
neglected. We shall estimate this by deriving (13) 
by another method that deals with the distribu- 
tion function f itself without regard to the con- 
cepts of pressure and temperature, which may 
be derived from f. 

Let fo(u)du be the direct-current distribution 
function. Then, from the Boltzmann transport 
equation, neglecting collisions and making the 
usual small-signal approximations, the alternat- 
ing-current density dj due to the electrons 
whose speed lies between « and u+du is given by 


dJ = jwneHfo(u)du/ (jo —Tu)?. (33) 


This can also be obtained by a derivation 
similar to that of Pierce.’ Hence, 


j=jonek: f folw)du (jw—Tu)?=jwneEP. (34) 


6A. J. Rack, “Effect of Space Charge and Transit Time 
on the Shot Noise in Diodes,” Bell System Technical 
Journal, v. 17, pp. 592-619; October, 1938. 

7J. R. Pierce, ‘Possible Fluctuations in Electron 
Streams Due to Ions,’’ Journal of Applied Physics, v. 19, 
pp. 231-236; March, 1948. 


Now let A=u—wup and assume that fy is such 
that fo(A) #0 only for A<Ap. 

Thus, we are dealing only with very small 
velocity spreads. Hence, 


A 
0 2 . . > - 
p~f fo(A)dA/ (jw —I'uy —TA)?. (35) 
—A0 
Let us further assume that 
jw sas Tuo »> rAo ° 
Then 
es 1 
(jw — Tu)? 


2r 31a? 
x [fay]; — +. ———- id A. 
al jJw— I Mo (Jw— I Mo)” 


by expanding the integrand of (35) up to terms 
in A?. Now 


fouaras =No 
Jfiaada =o 


ffo(a)arda=nokT m by (6). 


Hence, 


J =(j8IoE/2Vo\ -—T+j8)?] 
x[1+3al?/(—P+j8)?], (39) 


which is equivalent to (13) for small a/C? except 
for a factor of 3. The requirement stated in (36) 
is also valid for small a/C’. 

This derivation, however, is not correct, in 
that it neglects the effect of collisions. There are 
two types of collisions to be considered. The 
collisions of electrons with gas atoms or positive 
ions may be neglected if the frequency of the 
electromagnetic wave is much greater than the 
collisional frequency. This will always be true 
for sufficiently high frequencies and sufficiently 
low gas pressures. The collisions between 
electrons because of their coulombian law of 
interaction may not be neglected. It is the 
electron-electron interaction that will determine 
whether the process is isothermal. 

While one may not hope to solve the Boltz- 
mann equation with this collision term, it is 
possible to use a method of successive approxi- 
mations’ that depends on the fact that f is 


* See p. 107 of reference 1. 
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completely determined by a knowledge of certain 
macroscopic quantities that are functions of 
position and time only. These are m, v, and T. 
The variation of m and v is given by (4) and (5). 
The equation! governing the variation of 7, 


the conservation of 


which is equivalent to 


energy, is 
dT /dt= —2T(dv/dx) —2dq/kndx. (40) 


The random energy flow per unit area per unit 


q= m f Hu —v)5fdu. 


In this method of successive approximations, 


time is 


(41) 


the first approximation is one for which g=0 and 
f is essentially maxwellian. For the second ap- 
proximation, which is the first to depend on the 
nature of the interaction or collisions among the 
particles, 


g= —ddT/dx, (42) 


where \, the coefficient of thermal conductivity, 
is a function of the collision forces, n, and T. 
Thus, to this order of approximation, m, v, T may 
be determined from (4), (5), (40), (41), and (42). 
Repeating the steps of the small-signal approxi- 
mation as previously gives the alternating- 
current density J as 


J =jBIoE/2V[ (j8—V)?—a¥2(14+2/r)], (43) 
with 
r=1+2dI?/kno(jw—T yo), (44) 


the small-signal 


approximations, A is now a constant and is 


where, in accordance with 

computed at mo, 7. There is a similar change in 

the denominator in the expressions for 7 and 3. 
Now, for an adiabatic 4=0 


r=1; and for an isothermal process, \= ~ and 


process, and 
f= 0, 

the 
equivalent of the process going from adiabatic to 
isothermal. Also, it is seen from (43) that the 
effect of an adiabatic process over that of an 


Thus, as A goes from 0 to , this is 
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isothermal process is to triple the value of a. 
Thus, it is possible to say that, for the actual 
physical process, the effective @ will always lie 
somewhere between a@ and 3a. It is seen in 
general that for r>>2, the process is essentially 
isothermal. Now \ can be computed for the case 
of electron-electron interaction from an equation 
given by Chapman and Cowling.® For m= 10° 
and 7)>=1000 degrees Kelvin, \=18 centimeter- 
gram-second units. Taking the values of I 
computed previously on the assumption of an 
isothermal process and substituting them into 7, 
r is given approximately by 


r=14+2A82/knywCX. (45) 


For practical values, 8>10 and w=27X5X10?, 
X ~1;r~100. Hence, in the traveling-wave tube, 
the process is isothermal. In general, whether 
the process is isothermal can be ascertained only 
by computing r for each process and geometry 
under consideration. Furthermore, it is seen that 
the analysis used in deriving (39) tacitly assumes 
an adiabatic that it 
coulombian collisions among particles. 


process in neglects the 


4. Conclusions 


Small velocity spreads in an electron beam 
in gain and noise 
figure of a_ traveling-wave The actual 
decrease depends on a quantity wu, which can be 
interpreted physically as a measure of the ratio 
of the coupling of the electrons to each other 
via the hydrostatic pressure to the coupling of 
the electrons to the external waveguide circuit. 
Thus, physically, the effect of the velocity spread 
is to introduce further interactions between the 
electrons, in which the external circuit does not 
take part. This interaction may be thought of as 
a hydrostatic pressure,!® similar to that in a 


appear to cause a decrease 
tube. 


liquid or gas. 


® See p. 179 of reference 1. 

1 W. C. Hahn, “Effects of Hydrostatic Pressure 
Electron Flow in Diodes,”’ Proceedings of the I.R.E., v. 3 
pp. 1115-1121; September, 1948. 
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Magneto-Optics of an Electron Gas with Guided Microwaves * 


By LADISLAS GOLDSTEIN, M. A. LAMPERT, 


Federal Telecommunication Laboratories, 


N RECENT YEARS the magneto-optics 

of electromagnetic-wave propagation have 

been extended to guided propagation at 
microwave frequencies. In particular, Faraday- 
effect experiments have been made! in which 
the plane of maximum F£ field of the 7£i; mode 
in a circular waveguide is rotated by propagation 
through a section of the guide filled with a liquid 
or solid dielectric and located in an axial un- 
varying magnetic field. In all of the published 
work to date, very small angles of rotation are 
obtained per guide wavelength, even at the 
gyromagnetic resonant field. 

We have performed magneto-optic propaga- 
tion experiments in circular waveguides in the 
range of frequencies from 4600 to 5500 mega- 
cycles per second employing as the dielectric the 
decaying plasma from a pulsed direct-current 
gas discharge. The main results are: 


A. Very large angles of rotation, on the order of 90 
degrees or more per guide wavelength, exhibiting a 
pronounced resonance behavior in the region where 
the gyromagnetic frequency of the electrons ap- 
proaches the signal frequency. 

Departure from linear polarization as resonance 


Polarization becomes more broadly 
finally purely circular at 


is approached. 
elliptical and 
resonance. 


almost 


C. Demonstration of an analogue, for guided micro- 
waves, of the crossed-Nicol-prisms experiment. 


The anisotropic electron gas is produced by a 
pulsed direct-current discharge in a hot-cathode 


* Reprinted from the Physical Review, v. 82, pp. 956—- 
957; June 15, 1951. This work was sponsored by the Signal 
Corps Engineering Laboratories of the United States 
Army. 

1P. Keck, “Der Faraday effect in Ionisierten Gases, 
Annallen der Physik, Series 5, v. 15, pp. 903-925; Decem- 
ber, 1932. 

2M. C. Wilson and G. F. Hull, Jr., “On the Faraday 
Effect At Microwave Frequencies,”’ Physical Review, v. 74, 
p. 711; September 15, 1948. 

3 R. G. Barnes and G. F. Hull, Jr., ‘Microwave Faraday 
Effect.” Presented at meeting of American Physical 
Society, New York, New York; February, 1951. 

4J. Soutif-Guicherd and M. M. Lambinet, ‘‘Mise en 
Evidence de la polarization rotatoire Magnetique a la fre- 
quence de 3000 MHz,”’ Comptes Rendus, v. 231, pp. 1460- 
1461; December, 1950. 
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tube containing a rare which completely 
fills a 5-inch-long section of guide that is envel- 


A signal pulse 10 micro- 


gas, 


oped by a solenoid. 
seconds wide, with variable time delay after the 
direct-current discharge pulse, is sampled by a 
probe, in a following section of guide, that can 
be mechanically rotated about the guide axis. 
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6 IN DEGREES 


distribution 
plotted as 


Figure 1—Relative radio-frequency field 
over the periphery of a circular waveguide 
function of angle for the four indicated magnetic field in 
tensities H in gausses. The with and the 
broken lines are without a gas discharge. The 
mixture of neon with 1 percent of argon at a pressure of 1 
The reference plane for @ and the 
plane and 


solid lines are 


gas Was a 


millimeter of mercury. 
reference level for the 
amplitude, respectively, 
discharge. The radio-frequency signal pulse 
50 microseconds after a 


E-field values are the 
of the maximum £ field with no 
was applied 
5-microsecond-duration direct- 
current discharge pulse having peak values of 1050 volts 


and 135 milliamperes. 


In Figure 1, the radio-frequency electric field 
at the guide periphery is plotted as a function of 
angle for several values of magnetic field. In 
Figure 2, the angle of rotation of the plane of 
maximum E£ field is plotted as a function of the 
magnetic field. 
indicated on the graphs. Measurements 
made at 4600, 4900, 5200, and 5500 megacycles 
in a guide with cutoff at 4430 megacycles over a 
range of gas pressures from 0.5 to 100 millimeters 


The experimental conditions are 


were 
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of mercury, and at various pulse direct currents 


and voltages. 
The results obtained are readily explained in 
TE, 


wave into two oppositely rotating circularly 


terms of decomposition of the “linear” 


polarized waves, an ‘‘anomalous”’ and a “normal” 


The the 
region ol gyromagnetic resonance, very strong 


wave. anomalous wave exhibits, in 
attenuation and a reversal of the sign of its phase 
shift with respect to propagation in vacuum. The 
normal wave is only slightly attenuated in this 
region and accounts for the circular polarization 
observed at gvromagnetic resonance. 
The normal 


are interchanged if the sense of the magnetic field 


roles of anomalous and waves 
is reversed. Consequently, each of the circularly 
polarized waves is heavily attenuated by one or 
the other of two opposing magnetic fields, both 
at gvromagnetic resonance. This fact enabled the 
construction, with two independent solenoids, of 
a microwave analogue of crossed Nicol prisms. 
The circularly polarized waves are not true 
propagating modes through the plasma in these 
experiments. Our interpretation remains, how- 
ever, valid because a short section of plasma was 
employed. The theoretical details have been 
out for the 
plasma, including electron-collision 


case of the unbounded 


worked 
anisotropic 
effects. Further theoretical work remains for the 


waveguide case. 
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These results hold promise as a tool for the 
study of gas discharge phenomena. They are 
applicable also to switching, amplitude, phase, or 
frequency modulation, and polarization control 
in an electronically controllable medium. 
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1000 2000 
MAGNETIC FLUX DENSITY IN GAUSSES 


Figure 2—Rotation of the plane of the maximum F 


field plotted against the magnetic field intensity. 
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Growth and Amplification * 


By HENRY BUSIGNIES 


Federal Telecommunication Laboratories, Incorporated; Nutley, New Jersey 


F° CENTURIES, classical theories in the field of physics sufficed for the study of phenomena and the 
prediction of effects. More recently, complex and puzzling small-scale occurrences forced the develop- 
ment of a more penetrating set of theories. Heisenberg's uncertainty principle, the methods of statistical 
mechanics, modern communications theories, the laws governing certain nuclear phenomena, and even 
developments in cybernetics have largely revolutionized scientific thought in branches of physics, chemistry, 


and biology and begin to impinge on psychology. 


It is already clear that, on the ‘‘micro” scale, phenomena are largely random, unpredictable, statistical 
in nature, and influenced by extremely minute disturbances. The ‘‘micro’’ phenomena then build up to, and 
“control”’ the larger-scale or ‘‘macro”’ effects. Thus initial uncertainty, minute influences, a definite effect, 
amplification of that effect, and a major result all seem parts of the same chain of events. 

Modern communications engineers will therefore find much to interest and stimulate them in the follow- 
ing searching and inspiring guest editorial by the Technical Director of the Federal Telecommunication 
Laboratories, Inc., who has received the Fellow Award of The Institute of Radio Engineers and has served 


on a number of its Technical Committees. 


HE URGE of educated man to see, feel, 

and analyze smaller and smaller quan- 

tities, as well as to see and communicate 

farther, has been satisfied with no greater 
brilliance than in the production of the microscope, 
telescope, and electronic amplifier. Actually, am- 
plification has already reached in some fields that 
extreme limit where distinguishable patterns of 
intelligence or orderliness have disappeared in the 
apparent chaos of random effects. 

It is at this low level of random effect that all 
events and all things that later become perceptible 
to man are born and grow. This applies to thoughts 
that, in the originating or some other brain, are 
developed intentionally or otherwise to produce a 
masterpiece of art or literature, an airplane crash, 
the tallest building, or a concept of human progress. 
It includes such things as the molecules that assemble 
into the seed that may precede by even a decade or 
two a mature living creature, and also the agitation 
of the still air that produces the tornado. 

History shows that at some particular place and 
time and in a favorable environment a very minute 
pattern emerges from chaos and, supported by other 
forces, feedback, and correlation, attains a growth 
that finally produces a significant phenomenon of 
distinguishable proportions. Then through some such 
effect as saturation, growth stops and stabilization 
occurs, only to be succeeded by decay. Growth is not 
linear in most cases; it proceeds through thresholds 
and intermediate steps, and consumes from micro- 
seconds to years to produce an end result. At its 
origin and for a fraction of its early life, the magni- 
tude of the emerging pattern is so minute that it 
could be influenced, shifted, modified, or destroyed 


. Reprinted from Proceedings of the I.R.E., v. 38, p. 979; 
September, 1950. 
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by a force of the same order of magnitude. One is led 
to believe that, however small they may be, brain 
waves could influence the outcome of physical events 
if they were available in suitable form at just the 
right time, and thus by the proper application of 
man-made patterns of very small magnitude, 
beneficial control of large physical effects could be 
achieved. 

In the superregenerative circuit of Professor Arm 
strong, a small electromotive force corresponding to 
a signal pattern just above the thermal-agitation 
level builds up in a fraction of a millisecond to be 
come perceptible to the human senses: but it could 
have been influenced by a dissimilar, although just as 
minute, force applied with a timing accuracy of some 
microseconds. 

An effect of very small relative magnitude is used 
by Doctor Langmuir in seeding clouds to throw out 
of balance a low-level threshold controlling atmo 
spheric conditions over a large area. Similar thresh- 
olds exist in many forms and at varying levels; they 
represent stages of development where potential 
growth has momentarily stopped. 

In the fields of education and propaganda, thought 
seeds that are properly timed produce opinions and 
prejudices that become strongly entrenched. Al 
though they may encounter many thresholds and, 
particularly, saturations, they are very difficult to 
modify once they have reached a high level cf 
acceptance. 

From an engineering point of view, one marvels at 
the possibilities of low-level control of the growth of 
events and things favorable to humanity. The elec 
tronic engineer, with his knowledge and experience 
in amplification and control, together with his ac- 
curate notion of timing, may soon explore and 
harvest in this promising field of growth control 
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Recent Telecommunication Developments 


Selenium Rectifier for Protecting Electric Contacts 


ieenemnage CONTACTS for switching electric 
abundant in telephone ex- 
changes and their lives depend mostly on the 


circuits are 


transient voltage and current surges that occur 


at the moment a current-carrying circuit is 
opened. Such surges are greatest when the circuit 
is highly inductive as is the case when it includes 
the actuating solenoid of relays, contactors, 
clutch magnets, and similar apparatus. 

If a highly inductive winding is shunted by a 
device that acts like an open-circuit while the 
normal current is flowing through the winding 
but behaves like a short-circuit during the period 


immediately following the opening of the circuit 
supplying current to the coil, the inductive volt- 
age surge will be absorbed by the shunting device 
and the opening contacts protected. Voltage 
stresses on the insulation of the windings and 
wiring are also reduced. A selenium rectifier is 
such a shunting device. Gas-filled tubes, varis- 
tors, and capacitor-resistor combinations are 
also used for this purpose. 

The selenium rectifier shown in the photograph 
is small enough to be hung directly across the 
terminals of a relay coil. Its characteristics com- 
pare favorably with those of other devices used 
for this purpose. It is low in cost and takes little 
power while the winding is energized. This latter 
feature is an important difference between the 
selenium rectifier and the varistor, which two 
devices have quite similar properties in other 
respects. Tests involving many millions of opera- 
tions of representative pairs of contacts show 
that their lives may be extended at least 20 
times beyond that obtained with unprotected 
contacts. 

This development was done jointly by Federal 
Telephone and Radio Corporation and Federal 
Telecommunication Laboratories. 


Royal Air Force Radio Installation at Nairobi 


HE NEW Roval Air Force radio station at 

Nairobi, Kenya, will be equipped with 19 
high-frequency transmitters built by Standard 
lelephones and Cables, Limited. Three types of 
DS10, DS12, DS13, having 
power ratings of 4, 5, and 40 kilowatts, respec- 
tively, will be included in the total 
of 369 kilowatts of installed trans- 


apparatus, and 


mitters. 

Each transmitter will have dual 
output stages permitting separate 
transmissions on different frequen- 
Modulation include 
double-, single-, and independent- 
and 


quency-shift keying for telephony, 


cies. methods 


sideband transmissions fre- 
telegraphy, and teleprinter commu- 
nication. Remote control facilitiesare = DS13 high- 


being provided by a time-sharing- 


ELECTRICAL COMMUNICATION °¢ 


multiplex equipment, type D.P.1, giving 48 
operating channels. 

The station will be in a position to handle 
every type of radio communication and will 
probably be the largest British armed forces tele- 
communication center outside the British Isles. 


frequency 40-kilowatt transmitter. 
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HENRI BuSIGNIES 


HENRI BUSIGNIES was born at Sceaux, 
France, on December 29, 1905. He 
received the degree of Electrical Engi- 
neer from Paris University in 1926. 
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